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水資源枯渇への対抗：熱帯水稲系での生産と環境への示唆 
 
 
 
アンヘレス オリビン 
 
 
 気候変動によってもたらされる水資源の枯渇化に対抗するため、水稲作を常時湛水嫌気
（湿潤）状態から部分的あるいは完全に好気的（乾燥）かつ低水分状態で栽培する新しい技術が
開発された。本研究は、断続的に湿潤状態と乾燥状態を繰り返す灌漑法(AWD)が、作物生産と環
境へ与え得る影響を特定するために行った。環境を制御した予備実験で稲わら残渣の分解と温室
効果ガス生成に及ぼす影響を検討し、次いで圃場試験で AWD が収量、窒素利用効率、水分利用
効率に及ぼす影響を調査した。前半では 3 つの検討を行い、2 種類の理化学性の異なる稲わらの
分解過程に注目した。非破壊的土壌溶液採取方法を確立し、稲わら分解産物を高性能液体クロマ
トグラフィー（HPLC）により分析して、稲わら分解に及ぼす影響因子を特定した。最終分解産
物である二酸化炭素(CO2)とメタン(CH4)もガスクロマトグラフィー（GC）で定量したところ、わ
らの分解は土壌への鋤き込み後 6-12 日で最大に達し、15 日後には減少に転じ、21 日後には 50％
が分解した。土壌条件の影響が支配的であるが、わらの組成(C:N 比)や粉砕サイズ、鋤き込み位
置も分解速度に影響した。 
 さらに土壌水分が温室効果ガス（CO2, CH4, N2O）に及ぼす影響を、植物のない温室条件
下で検討した。7 週間にわたって常時湛水、AWD および「健全酸化還元」条件下のポット土壌
からのガス放出を計測した。土壌は無肥料条件でわら施用の有無を設けた。N2O（一酸化二窒素
ガス）は土壌の深さ 2cm での酸化還元電位が+140mV の時のみ放出された。メタンは 7.5cm の酸
化還元電位が-150mV 以上でも放出された。土壌溶液中の溶存メタン測定で 20cm 深のほうが
7.5cm 深より 17-100 倍メタンが多く灌漑処理の影響はないことを示した。AWD 処理では湛水処
理より N2O 放出量が有意に多く、CH4放出量では逆であった。残渣の鋤き込みは CH4を有意に増
加させたが、N2O は全ての処理で差がなかったことから、水処理より影響が大きいことが示され
た。 
 これらの知見を 2007-09 年の 6 作期の圃場試験でさらに検証した。試験では３つの水処
理（常時湛水、AWD-20（-20kPa まで乾燥したら灌漑する）、または AWD-70（-70kPa まで乾燥
したら灌漑する））を６つの窒素処理(N)とわら処理(S)に組み合わせて設け、さらにそれぞれ２
つの耕起時期による違いを検討した。収穫量、収量構成要素、窒素吸収量、水消費量を常時湛水
区と AWD 区で比較した。耕起時期を除き、水処理、窒素施肥、わら処理は有意に収量に影響を
及ぼした。試験結果は常時湛水か AWD かによらず、常時湛水条件で用いられる窒素施肥、わら
処理、耕起管理方法が AWD 条件でも適応可能であることを示した。さらに AWD を用いる際に
考慮すべき管理手法の微調整への示唆を提供した。 本論文ではこれらの調査試験結果から可
能な議論を行い、AWD の作物生産と環境に及ぼす影響について提言と、起こり得る負の影響へ
の対策も示すことができた。 
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GENERAL ABSTRACT  
 
 
 
Coping with water scarcity and climate change, novel technologies were developed to save 
irrigation water which shift rice cultivation away from being continuously anaerobic (wet) to being partly 
or completely aerobic (dry) with low osmotic potentials. This dissertation identified and put together 
possible interventions to alleviate the potential negative impacts of alternate wetting and drying (AWD) 
irrigation on crop performance and the environment.  It investigated the field level changes in grain yield, 
N-use efficiency, and water productivity under AWD irrigation after initial studies on residue 
decomposition and greenhouse gas production under controlled conditions. It integrated 3 studies which 
focused on decomposition of 2 types of rice straw with contrasting biochemical and physical 
characteristics. The experiments established a non-destructive soil solution sampling method and high 
performance liquid chromatography (HPLC) analysis for straw degradation products and identified factors 
affecting straw residue decomposition. Together with gas chromatography (GC) analysis on end-products 
(CO2 and CH4), rice straw decomposition was found to peak around 6-12 days after straw incorporation 
(DAI), decreases after 15 DAI, and reaches 50% decomposition after 21DAI. Aside from prevailing soil 
conditions, the composition of the straw (C:N ratio), size of straw after threshing, and depth of 
incorporation affected the rate of decomposition.  
The effect of the different soil moisture levels on greenhouse gas production (CO2; CH4; N2O) was 
further investigated in ‘no-plant soil’ under greenhouse conditions. Gas emissions were monitored for 7 
weeks from soil in pots with continuous flooding (CF), AWD, and “healthy redox” water management. The 
soil was either with or without rice residue incorporation and received no fertilizer input. Nitrous oxide was 
emitted only when the redox potential at 2-cm soil depth was above +140 mV. Methane was emitted even 
when the 7.5-cm redox potential was above -150 mV. Measurement of dissolved CH4 in soil solution 
confirmed that there was 17 to100 times more methane at 20-cm depth than 7.5 cm, with no significant 
differences between water treatments at 20 cm. The AWD treatment emitted significantly more N2O than 
the continuously flooded treatment, while the reverse was true for CH4. Residue incorporation significantly 
increased CH4, but not N2O emission in both all treatments, hence, had more impact than water 
management.  
Findings from these studies were further explored in a 6-season field experiment conducted from 
2007-09.  The experiment had 3 water treatments (W): 1) CF, 2) AWD-20 or irrigating when -20 kPa 
threshold is reached, and 3) AWD-70 or irrigating when -70 kPa threshold is reached. Six nitrogen (N) by 
straw (S) management (NxS) treatments were implemented for each water management, which were 
further divided into 2 timings (T) of tillage. Grain yield, yield components, plant N uptake, and water input 
were measured and compared between CF and AWD.  Except for the timing of tillage, water, N-fertilizer, 
and straw incorporation were found to significantly affect grain yield. Results suggest that regardless if the 
rice crop is grown under CF or AWD, the N, straw and tillage management approaches used in CF rice are 
readily applicable to AWD rice. It also provided some suggestions on fine-tuning management approaches 
when used on AWD.  
All studies were integrated and the relevance of each in achieving the objectives of dissertation 
was discussed. Recommendations and possible interventions to alleviate the potential negative impacts of 
AWD on crop performance and environment were also presented. 
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CHAPTER I 
GENERAL INTRODUCTION AND OBJECTIVES 
 
1.1 General Introduction 
 
Half of humankind relies on rice for 80% of their dietary needs. The world population is currently 
at 7.2 billion and is estimated to reach 9.6 billion by 2050 (UN, 2013). As of 2012, the worldwide rice 
production area is 158.4 Mha (WRS, 2013). Considering that the worldwide productive land is estimated to 
decrease and the world population is estimated to increase from 2000 to 2050 (FAO, 2011), rice yields 
from major rice environments must increase by 25% from 2000 to 2020 to keep pace with the population 
growth (Dobermann et al., 2004).  Seventy five percent of the global rice production comes from tropical 
rice systems (Nguyen, 2005) where majority of the produce is also consumed. With increasing global water 
scarcity and climate change, the water supply, sustainability, productivity, and ecosystem services of these 
rice fields are simultaneously threatened (Tuong and Bouman, 2003). Novel technologies have been 
developed to save irrigation water (Tuong and Bouman, 2003) and help conserve water resources. 
However, these technologies also shift rice land away from being continuously anaerobic to being partly or 
completely aerobic with low osmotic potentials and high ionic toxicities. Application of these technologies 
varies for different rice production systems which differ widely in cropping intensity and yield (Dobermann 
et al., 2004). Rice production from rainfed uplands and flood-prone areas are already limited by their 
environment and little to no increase in resource use efficiency can be expected from these areas.  Irrigated 
and rainfed lowland rice systems, which account for 80% of the worldwide rice production and 92% of the 
total rice supply, have some degree of flexibility and potential to further optimize production and resource 
management efficiency. Irrigated lowland rice alone utilizes 24–30% of the world’s total freshwater 
withdrawals (Bouman et al., 2007), hence, is a reasonable target for water saving technologies. In addition 
to its high water consumption (Tuong and Bouman, 2003), irrigated rice fields is also known to contribute 
in the global greenhouse gas production, particularly, methane during the cropping season and nitrous 
oxide during fallow and dry periods (Neue et al., 1996; Cai et al., 1997; Abao et al., 2000; Wassman et al., 
2000).  Among the water-saving technologies evaluated in terms of grain yield and water productivity, 
alternate wetting and drying (AWD) irrigation management (Bouman and Tuong 2001; Tuong 2005; 
Bouman et al., 2007) was most promising. However, the impacts of AWD on the environment still remain 
unchecked and current climate change trends necessitates that these environmental implications be 
determined. 
A major factor to consider in assessing environmental implications of water-saving technologies 
such as AWD is its interaction with the presence of straw residues in the paddy field, especially that 
increased rice production also implies increased rice straw biomass to manage. Although straw 
incorporation have beneficial effects on rice crops (Dobermann and Fairhurst, 2002; Takahashi et al. 2003; 
Surekha et al. 2003; Yadvinder-Singh et al. 2004; Yadvinder-Singh et al 2005), its decomposition process 
gives off organic acids and greenhouse gases with simultaneous transient immobilization of soil nutrients. 
These effects pose risks to both crop (Rao and Mikkelsen, 1977b; Cannell and Lynch, 1984; Watanabe, 
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1984) and the environment (Bronson et al. 1997a; Bronson et al. 1997b; Wassman et al. 2000) which 
underscore the need to investigate the effect of straw incorporation when used with AWD. 
To identify and develop interventions to alleviate potential negative impacts of AWD, it is 
important to understand the effect of alternate wet and dry soil conditions on both rice straw decomposition 
and crop performance. This dissertation investigated the effects of different water management on rice 
straw decomposition, greenhouse gas emission, and nutrient dynamics in ‘no-plant soil’ under greenhouse 
conditions and further evaluated the effects of AWD on grain yield, N-use and water productivity at field 
level compared to continuous flooding. The framework below provides an overview of the whole 
dissertation (Figure 1.1). All findings were integrated and analyzed to identify the potential negative 
impacts of AWD, offer possible strategies to alleviate these impacts, and present recommendations on 
addressing these impacts at the field level based on crop performance and environmental health.  
 
 
Figure 1.1 Dissertation framework showing how the different studies relate to each other. The dissertation 
started with rice straw decomposition studies based on organic acid and greenhouse gas (CO2 and CH4) 
production using 2 types of rice straws. Since both products of residue decomposition and greenhouse gas 
emission were affected water management, straw decomposition was investigated at different soil water 
potentials using various water management. Potential negative effects of decomposing residues, 
particularly, greenhouse gas and nutrient immobilization were further studied. Alternate wetting and drying 
(AWD) approach in managing irrigation water gave promising results and was tested for its effect on grain 
yield, water productivity, and other crop management practices at the field level. 
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1.2  Objectives of the dissertation 
 
General objective 
 
 Identify and develop interventions to alleviate the potential negative impacts of alternate wetting 
and drying (AWD) irrigation management on crop performance and the environment. 
 
Specific objectives 
1. Identify opportunities for reduction of negative effects of rice straw decomposition 
2. Determine effects of different water management on rice straw decomposition and greenhouse gas 
production under controlled conditions 
3. Determine effects of water management on grain yield, water productivity, and N-use efficiency at 
the field level 
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1.3  Review of Related Literature 
 
1.3.1  Rice environments 
 Rice cultivation extends from drylands to wetlands from 53° north latitude to 40° south latitude, 
however, most of the annual rice production comes from tropical climate areas (Nguyen, 2005). More than 
75 percent of the global rice harvested area comes from the tropical region bound by the Tropic of Cancer 
(23°27ʹ N) and the Tropic of Capricorn (23°27ʹ S). The tropical region includes all Southeast Asian 
countries, Bangladesh, Sri Lanka, majority of India, parts of sub-Saharan Africa, and the majority of rice-
growing areas in Latin America and the Caribbean. 
The global area, production, and average yield per crop of these production systems are 
summarized in Table 1.1.  Data were based on Dobermann et al., 2004 and Maclean, 2002. 
 
Table 1.1. Global area, production, and average yield per crop of different rice production systems 
Rice environment Global rice area  
(%) 
Global rice area 
(Mha) 
Global rice 
contribution 
(%) 
Average yield  
(tha-1 per crop) 
Irrigated rice 50 79 75 4-8 
Rainfed upland rice 11 14 4 1-3 
Rainfed lowland rice 25-30 54 17 1-3 
Deepwater /  
Flood prone rice 
9 11 4 1-3 
 
1.3.1.1.  Irrigated lowland rice 
 
Irrigated lowland rice fields cover 79 Mha worldwide.  It is characterized by bunded fields with 
irrigation control, puddled and leveled soil, transplanted or wet-seeded seedlings, and water saturated soil 
until after grain filling stage.  Soil saturation is at least 70% of the total crop duration, hence, requires a 
significant portion of the global irrigation water supply.  Since this system accounts for the greatest area 
and production, most management strategies namely, site-specific nutrient management (SSNM), 
integrated pest management (IPM), and residue management were optimized for irrigated systems 
(Dobermann et al., 2004).   
SSNM maximizes the use of indigenous nutrient supply of the soil using omission plots i.e. adding 
only the amount needed to achieve a target yield, apart from what can be supported by the indigenous 
supply of the soil reflected by the omission plot.  In terms of N fertilizer management, leaf color chart 
(LCC) can also be utilized to determine the right amount and timing of N fertilizer application during the 
cropping season (Takebe and Yoneyama, 1989; Witt et al., 2005b).  IPM, on the other hand,  works on the 
principle of maximizing the natural biological pest control agents present in the rice fields, which 
consequently prohibits application of chemical pesticides unless necessary (Jahn et al., 2007). Lastly, good 
residue management optimizes the most appropriate time and form to incorporate rice residue in terms of 
making the nutrient immobilization-remobilization periods fall most favorable to the crop growth 
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(Dobermann and Fairhurst, 2002).  Most of these optimization studies were initially targeted on increasing 
and sustaining yield. However, with the global concern on climate change and environment protection, a 
renewed interest in re-focusing these perspectives was confirmed necessary (Wassman et al., 2009).  
Known for its high water consumption (Tuong and Bouman 2003), irrigated rice fields also contributes in 
the greenhouse gas production, particularly, methane during the cropping season and nitrous oxide during 
fallow and dry periods (Neue et al., 1996; Cai et al., 1997; Abao et al., 2000; Wassman et al., 2000).  
Water-saving technologies have been made available to rice with the increasing global water scarcity 
(Bouman and Tuong, 2001; Tuong 2005; Bouman et al., 2007).  Although it has been most reasonable to 
formulate such technologies based on grain yield, the impacts of these technologies on the environment still 
remain unchecked and current climate change trends necessitates that these environmental implications be 
determined. 
 
1.3.1.2.  Rainfed lowland rice 
Rainfed lowland rice occupies 54 Mha worldwide. It is characterized by small to medium 
topographic differences which bears strong consequences on its soil fertility, flood risks, and water 
availability.  Being dependent on rains, it becomes vulnerable to both drought and flooding.  Further, rice 
farming operations which also depends on rains has to adjust accordingly (Bouman et al., 2007). 
 
1.3.1.3.  Rainfed upland rice 
Rainfed upland rice occupies 14 Mha worldwide.  It runs from a flat land to a very steep slope 
which bears a stronger consequence on its soil fertility, flood risks, and water availability compared to the 
lowlands.  It is more vulnerable to drought, hence, farmers opt for shifting cultivation ranging from 5-15 
years with significantly long fallow periods.  With less market access, farmers tend to be self-sufficient by 
planting a wide range of crops (Bouman et al., 2007). 
 
1.3.1.4.  Flood prone rice 
Flood prone rice occupies 11 Mha worldwide.  This environment includes deepwater areas that are 
submerged at more that 100 cm for durations of more than 10 days to a few months, areas that are affected 
by flash floods of longer than 10 days, extensive low lying coastal areas where plants are subject to daily 
tidal submergence, and areas with problem soils (acid sulfate and sodicity) where the problem is often 
excess water but not necessarily prolonged submergence (Maclean, 2002). 
 
1.3.2  The rice plant 
Yoshida (1981) has written a very detailed description of rice as a plant while De Datta (1981) has 
written a comprehensive book on the science of rice production.  For deeper understanding of rice, the 
author suggests reading the aforementioned books. Selected basic facts about rice as presented by the 2 
authors are included in this section to give the needed background for this dissertation. 
Rice or Oryza sativa (Linnaeus) is a semi-aquatic plant which produces the cereal grain consumed 
by half of the worldwide population. The genus Oryza belongs to the tribe Oryzeae in the family 
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Gramineae. It is grown annually, although in tropical areas it can survive as a perennial and can produce a 
ratoon crop for up to 20 years (IRRI, 2008).  It can grow to a wide variety of morphology depending on the 
variety and soil fertility.  Three ecogeographic races of O. sativa are recognized: 1) Indica rice - indigenous 
to the humid regions of the Asian tropics and subtropics, 2) The japonica rice - limited to the temperate 
zones and subtropics which is also known in China as sinicas or keng, 3) Javanicas - mainly grown in parts 
of Indonesia (De Datta, 1981). 
Grain yield depends on a wide array of biotic and abiotic factors. Inherent to rice systems are the 
prevailing abiotic conditions that limit the crop from producing grains. The 40 days before maturity is 
considered the period of grain production (De Datta, 1981). Solar energy requirement (Figure 1.2) is most 
critical from panicle initiation until about 10 days before maturity. The amount of solar energy received at 
this stage is most important in the accumulation of dry matter. Starch accumulation in the leaves and culms 
starts at around 10 days before heading and continues up to the grains until 30 days after heading.   
  
 
 
 
 
 
Figure 1.2. Solar energy requirements of rice at different stages of growth and development. (Adapted from 
Stansel, 1975 by De Datta, 1981) 
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 Solar energy and temperature are often confused with relative humidity in the tropics. The average 
relative humidity before harvest follows a trend opposite that of the solar radiation values for the same 
period and no influence is attributed to the high negative correlation between relative humidity and grain 
yield. A gentle wind during the growing period of the rice plant is known to improve grain yields because it 
increases turbulence in the canopy and replenishes the carbon dioxide supply of the plant, hence, 
photosynthesis of the plant community increases with the wind speed. However, wind speeds greater than 
0.75-2.25 cm/sec have no further effect on increasing photosynthesis and prone to more damage than 
benefits. Considering that rice is generally a short-day plant and sensitive to photoperiod, long days can 
considerably delay or completely prevent flowering. However, available day length- or photoperiod-
insensitive rice varieties enable farmers in the tropics and subtropics to plant rice at any time of the year 
without much change in growth duration. 
Temperature, on the other hand, greatly influences not only the growth duration but also the 
growth pattern of the rice plant. During the growing season, the mean temperature, the temperature sum, 
range, distribution pattern, and diurnal changes, or a combination of these, may be highly correlated with 
grain yields. Critical temperatures for germination, tillering, inflorescence initiation and development, 
dehiscence, and ripening of rice have been identified and summarized in the Table 1.2 below.  
 
Table 1.2. Response of the rice plant to varying temperature at different growth stages (Adapted from 
Yoshida, 1978 by De Datta, 1981). 
 
 
 
Two factors can cause cold injury to rice --- cool weather and cold irrigation water. 
According to Kaneda and Beachell (1974 as cited by De Datta 1981), the common types of symptoms 
caused by low temperature are: 
1. Poor germination 
2. Slow growth and discoloration of seedlings 
3. Stunted vegetative growth characterized by reduced height and tillering 
4. Delayed heading 
5. Incomplete panicle exsertion 
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6. Prolonged flowering period because of irregular heading 
7. Degeneration of spikelets 
8. Irregular maturity 
9. Sterility 
10. Formation of abnormal grains 
 
Cold injury to the crop is ultimately reflected in reduced yields due to delay in flowering and increase 
in growth duration especially in modern rice varieties grown in low-temperature (32-25°C) zones. Figure 
1.3 shows the different types of cold damage affecting rice fields. 
 
 
 
Figure 1.3. Path diagram of different types of cold damage affecting rice fields (Kaneda 1972 as adapted by 
De Datta 1981): 
 
Spikelet sterility from high temperature is induced largely on the day of flowering. Within the 
flowering day, high temperature during anthesis was the most detrimental to spikelet fertility, high 
temperature just before anthesis was the second most detrimental, and high temperature after anthesis had 
little effect on spikelet fertility. Two important characteristics for heat tolerance of rice varieties at 
flowering are good pollen shedding, and early morning anthesis (De Datta, 1981). 
 
1.3.3  Water requirement of rice production 
 
Rice, being a semi-aquatic plant, requires a system which can match its water requirement (Table 1.3) 
for land preparation, evapotranspiration, seepage and percolation, and re-wetting of the soil during the crop 
duration which depends mainly on the season, soil type, and overall water management applied.   
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Table 1.3. Seasonal water requirement (Tuong and Bouman, 2003) 
riceWater use 
  
Requirement  
(mm/season) 
Purpose 
Low High 
Land preparation 175 750 Refilling soil moisture 
Evapotranspiration 
     Wet season 
     Dry season 
 
400 
600 
 
500 
700 
Evaporation losses and crop 
transpiration 
Seepage and percolation 
     Heavy clays 
     Loamy/sandy soils 
 
100 
2,500 
 
500 
3,000 Maintaining water pounding 
Typical total seasonal 
irrigation water input 1,000 2,000  
 
Water requirement before seeding or transplanting varies depending on the manner of land preparation.  
Primary tillage is done during relatively dry conditions and may not require any water input.  Wet land 
preparation requires a total estimate of 1300-1500 mm of water from the initial soaking of the land from 
dry fallow to maturity (De Datta, 1981; FAO, 2004; Bouman et al., 2007).  Some rice fields will require 2 
passes of puddling, but each pass will require 150-200 mm of water. Two passes of harrowing follow the 
puddling operation and will require additional water.  Each pass of harrowing will also require 150-200 mm 
of water.  During the transplanting day, saturated soil conditions are preferred but minimal ponded water is 
required.  After transplanting, 1-2 cm (100-200mm) of ponded water is required to keep the weed growth at 
minimum and ensure that the young seedlings get enough water for recovery from transplanting shock. The 
most critical stages which require water are: 1) first 2-3 weeks after transplanting, and 2) the period 
between heading and a week after flowering.  For the rest of the crop growth stages, water input varies 
depending on the irrigation management used. 
 
1.3.4  Water scarcity 
 
Tuong and Bouman (2003) estimated that 15 out of 75 Mha of Asia’s irrigated rice will experience 
water shortage by 2025.  This will threaten the sustainability of rice systems which provides for the 75% of 
global rice supply.  The IWMI Water Scarcity Study by Seckler, Barker and Amarasinghe reveals that, by 
2025, some 25 percent of the world’s population—or 33 percent of the population in developing 
countries—live in regions that will experience severe water scarcity. Portions of population of India (~280 
million people) and China (~381 million people) live in regions that will face absolute water scarcity.  
Theoretically, some 118 countries included in the study will have sufficient water resources to meet their 
needs until 2025, but many of these countries will need to produce more than twice their existing water 
supplies which could be too expensive to finance. Countries such as Latin America, North Africa, and East 
Asia will need to increase water development by 25–100 percent, but may not have the means. Irrigation 
holds a special place in the water scarcity debate, as it uses more than 70 percent of the world’s total water 
supply— and up to 90 percent in some developing countries. Any reduction in overall water supply means 
a reduction in irrigation, which translates into less agricultural production.  When the water scarcity 
projection was overlaid with rice area maps (Tuong and Bouman, 2003), it was underscored that 22 Mha 
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more of dry season irrigated rice area in South and Southeast Asia fall under the economically water scarce 
area.  Dropping groundwater tables which are already evident at a rate of 1-3 m year-1 in Northern China 
and at 0.5-0.7 m year-1 in India plus more diversion of water upstream for non-agricultural use alarmingly 
risks higher irrigation costs and degradation of irrigation water quality. 
 
1.3.5  The concept of AWD irrigation management 
 
AWD as the name implies involves having periods of wet and dry soil conditions throughout the 
crop duration.  The rice field normally undergoes wet land preparation.  After transplanting, 1-2 cm ponded 
water is maintained for 2-3 weeks to keep the weed growth at minimum and allow the young seedlings to 
recover from transplanting shock.  After recovery, the water level is allowed to go below the soil surface 
until the set soil moisture threshold is reached.  Studies (Cabangon et al 2004; Cabangon 2008) show that 
no yield penalty (oftentimes called “safe AWD”) is achievable by keeping the soil moisture potential at 
depth 15-20cm higher than -10 kPa during the dry cycles.  Soil moisture tension is measured at soil depth 
of 15-20 cm using a tensiometer and/or can be indicated by paddy water levels receding below 15 cm soil 
depth. 
Researchers use tensiometers to measure the prevailing soil water potential at a particular depth.  It 
is a water column in a closed tube system with a 10-cm porous cup attached at the lower tip.  The midpoint 
of the porous cup is placed at the desired soil depth. When the soil immediately around the porous cup 
takes up water through the porous cup, the pressure is registered on the tensiometer gauge as soil matric 
potential in centibars (cb) which is numerically equivalent to kilopascals (kPa).  
For practical farming purposes, a perched water (PW) tube was designed to allow farmers estimate 
the relative water status in the paddies.  It is a 20-cm PVC tube, approximately 35-40 cm in length, with 20-
cm perforated portion.  Perforations are 5-mm in diameter which are 2-cm apart.  The tube is installed into 
the soil column with the perforated portion fixed onto the hard pan, such that all the perforations are below 
the soil surface and all the soil inside the tube were excavated.  The purpose is to allow the farmer to see 
the water level below the soil surface down to 20-cm soil depth.  When the water level drops to about 15-20 
cm below the soil surface, the soil moisture potential is about -10 kPa.  This is the lowest allowable soil 
moisture potential to maintain yield and avoid yield penalties. 
 
1.3.6  Effects of wetting and drying on rice soil 
 
 There are several good references on the biogeochemistry of submerged paddy soils namely, IRRI 
(1978), DeDatta (1981), and Kirk (2004) which discusses almost all aspects of chemical changes occurring 
in the soil under anaerobic and aerobic conditions.  In this section, the focus will be nitrogen and organic 
matter transformations due to its direct implication on the processes involved in the modified rice 
management options considered in this dissertation to make AWD an environment-friendly and sustainable 
technology.   
Chemical changes come with flooding which are important in determining the productivity of the 
rice soil. The chemical changes created by flooding provide both benefits and disadvantages to the rice 
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plant. Increases in concentration of phosphorus, iron, and manganese in the soil solution are obvious 
benefits while decrease in availability of zinc, excessive increase in ferrous iron, and formation of sulfides 
and organic acids are disadvantages (Tadano and Yoshida, 1978).  From dry aerobic conditions, oxidation-
reduction balance in the soil is directly altered by the wet anaerobic conditions that immediately follow 
flooding.  The chemical changes are driven by biological redox processes which use up available oxygen 
resulting to anaerobic conditions.  According to Patrick and Reddy (1978), the oxidized forms of several 
redox systems serve as electron acceptors in microbial respiration, and undergo sequential reduction 
according to Table 1.4 at different soil redox potentials. 
 
Table 1.4. Thermodynamic sequence of soil reduction. 
 
 
Since the diffusion of oxygen through air is 10,000 times faster than in water, soils will have a 
gradient of oxygen from the surface to deeper layers as the soil moisture moves downward through the soil 
profile.  The thickness of the aerobic surface layer is consequently determined by the ratio of oxygen 
supply from the atmosphere to the oxygen consumption in the soil (Patrick and Reddy, 1978). 
 Flooded soils are characterized by low or negative redox potentials (IRRI, 1978; DeDatta, 1981; 
Kirk, 2004).  Table 1.5 shows the range of redox potentials usually encountered in well-drained and 
submerged soils (Patrick and Mahapatra, 1961 as cited by Patrick and Reddy).  Aerated soil has 
characteristic redox potentials in the range + 400 to + 700 mV while flooded soils exhibit potentials 
ranging -250 to -300 mV (Patrick and Reddy, 1978; Ponnamperuma, 1978).   
 
Table 1.5. The range of oxidation-reduction or redox potentials usually encountered in well-drained soils 
and in waterlogged soils. 
 
Kind of soil Redox potential (mV) 
Aerated (well-drained) +700 to +500 
Moderately reduced +400 to +200 
Reduced +100 to -100 
Highly reduced -100 to -300 
14 
 
 
With AWD, water in flooded soils is allowed to recede and the soil layers to reach a certain degree 
of dryness.  When this happens, the redox range changes from highly negative to highly positive values, 
thereby, shifting the soil condition from being reduced to oxidized state.  Continuous wet and dry cycles 
with AWD changes the soil conditions accordingly throughout the cropping season.  Since nitrogen have 
the tendency to get lost from the rice soil system through mineralization-nitrification-denitrification 
reactions (Patrick and Reddy, 1978) which occur during these changing redox conditions, nitrogen will be 
further discussed in the succeeding section.   
 
1.3.7  Nitrogen in paddy soil 
Exposure of the soil to higher oxygen levels triggers the first series of oxidation reactions (Table 
1.4) to proceed including the nitrification-denitrification pathways which converts soil ammonium (NH4
+ 
and NH3
+)  to nitrate (NO3
-) and N2 (nitrogen gas). 
The biological conversion of ammonium to nitrate nitrogen is called nitrification. 
Nitrification is a two-step process.  
1. Conversion  of ammonia (NH3
+) and ammonium (NH4
+) to nitrite (NO2
-) by 
Nitrosomonas and Nitrospira bacteria 
2. Conversion of nitrite to nitrate by Nitrobacter bacteria 
 The reactions proceed rapidly to form nitrate, hence, nitrite levels at any given time are usually 
low. These bacteria belonging to the group called nitrifiers, are strict aerobes which needs free dissolved 
oxygen to survive and function. Nitrification occurs only under aerobic conditions at dissolved oxygen 
(DO) levels of 1.0 mg/L or more. At DO concentrations less than 0.5 mg/L, the growth rate is minimal.   
 
The following N transformations and oxidation states describe the nitrification process (Paul and Clark, 
1989): 
               NO                                              NO 
              NO 
(1)  NH4
+ NH2OH [HNO] 
           NO2
-   NO3
-   
         NO2NHOH 
 
            N2O 
OR   
 (2)  NH4
+  NH2OH  NOH  NO2
-  NO3
-  
       (-3)            (-1)          (+1)      (+3)       (+5)  
 
On the other hand, the biological reduction of NO3 to N2 by facultative heterotrophic bacteria is 
called denitrification. Heterotrophic bacteria need a carbon source to survive and function. As the O2 is 
depleted from the soil, NO3
- is utilized by facultative anaerobes and is rapidly reduced. Nitrate reduction 
begins before complete removal of O2 but removal of all NO3
- does not occur until all O2 has been depleted.  
The process happens under anoxic conditions, when the dissolved oxygen concentration is less than 0.2 
mg/L.  
(-3) (-1) (+1) (+3) (+5) 
[Autotrophic nitrification] 
[Heterotrophic nitrification] 
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 In aerated soils, NO3
- is the stable inorganic form.  Thus, organic nitrogen undergoes 
mineralization to NH4
+, oxidation of NH4
+ to NO2
-, and oxidation of NO2
- to NO3
-. Absence of O2 inhibits 
the activity of the Nilrosomonas microorganisms from oxidizing NH4
+ and therefore nitrogen 
mineralization stops at the NH4
+ form in anaerobic soils (Patrick and Reddy, 1978).  
 
1.3.8  Rice straw in paddy soil 
 
Rice straw contains about 0.6% N, 0.1% each of P and S, 1.5% K, 5% Si, and 40% C 
(Ponnamperuma, 1984).  Dobermann and Fairhurst (2002) estimated that about 40% of the nitrogen (N), 
30-35% of the phosphorus (P), 80-85% of the potassium (K), and 40-50%  of the sulfur (S) taken up by rice 
remains in vegetative plant parts at crop maturity. Because it is available on the field in amounts varying 
from 2 to 10 t/ha, it is a convenient source of plant nutrients to most rice farmers.  However, due to its 
relatively high C:N ratio ranging from 40-90 (DeveÃvre and HorwaÂth, 2000), rice straw decomposes at 
slow rates.  In the process, it releases potentially detrimental fermentation products and immobilizes N at 
early stages of decomposition which directly affects nutrient availability in the soil.  Watanabe (1984) 
described very well how organic residues such as rice straw affect the fertility of the rice soil (Figure 1.4).  
With 40% biodegradable C, straw is a substrate for the growth of soil microorganisms which drives soil 
reduction and associated electrochemical changes (Yoshida, 1978).  These processes directly and indirectly 
affect the availability and uptake of nutrients which make straw a valuable source of nutrients for wetland 
rice.  The schematic diagram (Figure 1.4) below describes the overall process of organic matter 
decomposition in rice soils (Watanabe, 1978).  According to the paper which cited Acharya studies (1935), 
the decomposition of rice straw under anoxic conditions forms that acetic acid, butyric acid, CO2, and CH4 
are the major products.   The decomposition proceeds in two different stages, the first involving the 
formation of organic acids and the second their conversion into gaseous products.   
 At temperatures over 30°C, early decomposition products and intermediates disappear within 2-3 
weeks of straw incorporation which makes the concentration of organic acids in flooded tropical soils 
receiving 5-10 t straw/ha non-toxic to rice.  The increase in grain yield caused by straw application is often 
attributed to one or more of the following: 
• Increase in N supply 
• Favorable N-release pattern 
• Increase in K supply 
• Increase in supply of other nutrients 
• Improvement of soil structure 
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Figure 1.4.  Manner of organic material (including rice straw) decomposition in the soil (Watanabe, 1984). 
 
During this decomposition process, Yoshida (1978) draw out the possible pathways leading to the 
production of C-metabolism ultimate products, CH4 and CO2.  
 
 
Figure 1.5.  Possible pathways leading to the production of C-metabolism end-products  
                   (Adapted from Yoshida, 1978). 
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1.3.9  Greenhouse gases 
 
 Greenhouse gases are defined as gaseous constituents of the atmosphere, both natural and 
anthropogenic (man-made), that absorb and emit radiation at speciﬁc wavelengths within the spectrum of 
thermal infrared radiation emitted by the Earth’s surface, the atmosphere itself, and by clouds (IPCC, 
2007).The primary greenhouse gases in the Earth’s atmosphere are water vapour (H2O), carbon dioxide 
(CO2), methane (CH4), nitrous oxide (N2O), and ozone (O3).  Among these, CO2, CH4, and N2O were 
measured in this study. Both CO2 and CH4 have direct impact on the global carbon cycle (Figure 1.6).  
 
 IPCC (2007) defined carbon dioxide as a naturally occurring gas, also a by-product of burning 
fossil fuels from fossil carbon deposits, such as oil, gas and coal, of burning biomass and of land use 
changes and other industrial processes (Figure 1.6). It is the reference gas against which other greenhouse 
gases are measured and therefore has a Global Warming Potential (GWP) of 1. Carbon dioxide equivalents 
are commonly expressed as "million metric tons of carbon dioxide equivalents (MMTCO2Eq). The carbon 
dioxide equivalent for a gas is derived by multiplying the tons of the gas by the associated GWP (Table 
1.6). 
MMTCO2Eq = (million metric tons of a gas) * (GWP of the gas) 
 
For example, the GWP for methane over 100 years is 25 and for nitrous oxide 298. This means that 
emissions of 1 million metric tonnes of methane and nitrous oxide respectively, is equivalent to emissions 
of  25 and 298 million metric tonnes of carbon dioxide. 
 
 
Table 1.6. Direct Global Warming Potentials (GWPs) relative to carbon dioxide for gases for which the 
lifetimes have been adequately characterised. GWPs are an index for estimating relative global warming 
contribution due to atmospheric emission of a kg of a particular greenhouse gas compared to emission of a 
kg of carbon dioxide. GWPs calculated for different time horizons show the effects of atmospheric 
lifetimes of the different gases (based on Table 3 of IPCC, 2001). Numbers in parenthesis are GWPs from 
IPCC, 2007) 
 
 Gas Lifetime 
(years) 
Global Warming Potential 
(Time Horizon in years) 
  20 yrs 100 yrs 500 yrs 
     
Carbon dioxide (CO2) 
 
Methanea (CH4) 
 
Nitrous oxide (N2O) 
 
 
12.0b 
 
114b 
1 
 
62 (72) 
 
275 (289) 
1 
 
23 (25) 
 
296 (298) 
1 
 
7 (7.6) 
 
156 (153) 
 
 aThe methane GWPs include an indirect contribution from stratospheric H2O and O3 production. 
 bThe values for methane and nitrous oxide are adjustment times, which incorporate the indirect  
                    effects of emission of each gas on its own lifetime. 
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Figure 1.6. The global carbon cycle for the 1990s, showing the main annual ﬂuxes in GtC yr–1: pre-
industrial ‘natural’ ﬂuxes in black and ‘anthropogenic’ ﬂuxes in red. Atmospheric carbon content and all 
cumulative ﬂuxes since 1750 are as of end 1994. Conversion: 2.12 GtC yr-1 = 1 ppm. (Adapted from 
Figure 7.3 of  IPCC, 2007). 
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 Methane is the main hydrocarbon present in the atmosphere, with an average concentration of 1.7 
ppm (Le Mer and Roger, 2001). It has a short residence time in the atmosphere (12 years) but has 23-25 
times (100 years time horizon) more ability to absorb infrared radiation than CO2 as a greenhouse gas 
(Table 1.6). Methane is produced from the final steps of anaerobic organic matter decay. At this stage, the 
electron acceptors (such as oxygen, ferric iron, sulfate, and nitrate) have become depleted (Figure 1.4) at 
redox potential ranging from -0.185 to -0.431 V (-185 to -431 mV), while hydrogen (H2) and carbon 
dioxide accumulate. These semi-final products of decomposition as hydrogen, small organics, and carbon 
dioxide are the basic substrates for methanogenesis (Figure 1.7). It is by methanogenesis that most organic 
acids are eliminated from anaerobic environments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 1.7. Production, consumption and transfer of CH4 to the atmosphere in ricefields.  
                  (Adapted from Le Mer and Roger, 2001) 
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 In submerged soils, nitrous oxide (N2O) is formed via the denitrification process in the soil.  
Denitrification is the dissimilatory reduction of NO3
−, where NO3
− serves as a terminal electron acceptor 
and is reduced to gaseous endproducts of nitrous oxide (N2O) and nitrogen gas (N2) (Buresh et al. 2008). It 
is mediated by heterotrophic microorganisms and its rate is regulated by NO3
− concentration and available 
C in the soil, which serve as energy source or electron donor. The supply of NO3
− comes from nitrification 
which requires free O2 to biologically convert NH4
+ to NO3
–. Nitrification happens in the aerobic soil layers 
created during dry periods in the paddy while denitrification occurs in the anaerobic zones (Figure 1.8).  
Some nitrous oxide is also emitted during the conversion of NH4
+ to NO3
– when there is no standing water 
and nitrification is mediated by aerobic chemoautotrophic nitrifiers which derive their C from CO2 and 
carbonates (Paul and Clark, 1989).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8. A schematic diagram of N transformations in a submerged soil. (Adapted from Buresh et al., 2008) 
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1.4  Summary 
 
 Rice is a semi-aquatic crop and is sensitive to water deficit. The growing water scarcity prompts 
rice cultivation away from the conventional continuously flooded fields to different schemes of alternately 
wet and dry field. The safe alternate wetting and drying irrigation (AWD) was established as a water-saving 
technology aimed to decrease water use in the rice field. It reduces rice water use by 18-40% of its water 
requirement but consequently makes the soil alternately aerobic and anaerobic with the wet and dry cycles. 
Considering that 75% of the global rice production comes from irrigated rice systems which are mainly 
located in the tropics, developing approaches targeted to water management are found crucial in sustaining 
water resources in these areas.  
 On the other hand, continuous population growth not only compete with water use but also 
demands higher rice production which equates to higher straw residue generation. The common means of 
disposing these residues are by burning or incorporation into the soil. Increasing awareness on air pollution 
caused by burning residues from agriculture has already been criticized and this method is now avoided, 
especially in climate change perspective. Alternatively, straw incorporation is known to increase 
greenhouse gas production which also poses risk to the environment. In such case, the products and effects 
of straw incorporation can be controlled by water management at the field level to keep rice cultivation 
environmentally sound and nutrient recycling possible. With AWD, wet cycles favors formation of CH4 
(end-product of anaerobic decomposition) while the dry cycles favors N2O formation resulting from a 
series of redox reactions occurring in the soil depending on the prevailing moisture, temperature, soil 
properties, weather conditions, and crop status. These conditions, however, favor decomposition of 
incorporated rice straw. Using the mechanism by which rice straw residues decompose, appropriate straw 
management in the field together with AWD could offer a promising combination to maintain low water 
consumption and less greenhouse gas emissions in rice cultivation. 
 The rice straw degradation process was investigated to identify opportunities to alleviate the 
negative effects of rice straw incorporation and shorten the decomposition process in Chapter II of this 
dissertation. In Chapter III, it determined how water management can be used to reduce greenhouse gas 
production and hasten nutrient remobilization. In Chapter IV, the most promising water management 
approach identified was evaluated for its ability to maintain grain yields and increase resource use 
efficiencies at the field level. 
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CHAPTER II 
 Identifying opportunities for reduction of negative effects of 
rice straw decomposition 
 
 Increasing rice production by 25% from 2000 to 2020 to keep pace with the population growth 
also implies increased amounts rice straw residues. Rice straw contains about 0.6% N, 0.1% each of P and 
S, 1.5% K, 5% Si, and 40% C (Ponnamperuma, 1984).  Dobermann and Fairhurst (2002) estimated that 
about 40% of the nitrogen (N), 30-35% of the phosphorus (P), 80-85% of the potassium (K), and 40-50%  
of the sulfur (S) taken up by rice remains in vegetative plant parts at crop maturity. The enormous amount 
of residues generated by rice production offers a good source of plant nutrients to most rice farmers. 
However, these residues may be disposed in several ways depending on the needs and resources of the 
farmers. Reuse of rice straw includes use as fuel, animal feed or bedding, compost, mushroom substrate, 
fuel gas source, raw material for handicrafts and cushion for market products.  
 Recycling approaches, on the other hand, could be done through mulching, incorporation into the 
soil or simply putting spent straw materials into the field. These options contribute to soil fertility and 
carbon-nitrogen build up in the long term. The most cost-effective option for straw disposal may be 
burning. This method also helps reduce pest and disease occurrence in some situations but it also 
contributes to environmental pollution. Streets et al. (2003) estimated the annual contribution of open 
burning in Asia at 0.37 Tg of SO2, 2.8 Tg of NOx, 1100 Tg of CO2, 67 Tg of CO and 3.1 Tg of methane 
(CH4). The annual contribution from crop residues alone is 0.10 Tg of SO2, 0.96 Tg of NOx, 379 Tg of 
CO2, 23 Tg of CO and 0.68 Tg of CH4. This translates to 34.45% SO2, 34.33% NOx,  21.94% CO2, 34.29% 
CO, and 27.03% CH4 of total open burning is coming from crop residues. Release of these greenhouse 
gases (GHG), together with particulates, contributes directly and indirectly to global warming and health 
concern (Gabbe 2009).  Considering this and the abovementioned benefits of straw, there is a renewed 
interest in straw incorporation into rice paddies. 
Carbon to nitrogen (C:N) ratio is a known limiting factor in crop residue decomposition. High C:N 
ratios indicate limitation in N and decomposition may take more time to complete while low C:N ratio may 
have enough N to complete decomposition in a shorter time. Rice straw has a relatively high C:N ratio 
ranging from 40-90 (DeveÃvre and HorwaÂth, 2000).  It decomposes at slow rates and releases potentially 
detrimental intermediate products like organic acids. The presence of high organic substrates immobilizes 
N at early stages of decomposition which directly affects nutrient availability in the soil.  Watanabe (1984) 
described very well how organic residues such as rice straw affect the fertility of the rice soil.  With 
average 40% of biodegradable C, straw is a substrate for the growth of soil microorganisms which drives 
soil reduction and associated electrochemical changes (Yoshida, 1984).  The latter consequently determines 
the availability of most nutrients in rice paddies. 
There are a lot of studies conducted on the decomposition of rice straw the paddies (Acharya 1935, 
Gotoh and Onikura 1971, Rao and Mikkelsen 1977a/b, Watanabe 1978, Cannell and Lynch 1984, Tsutsuki 
1984, Lawongsa et al 1987) and its implication on the rice crop (Alberto et al 2000, Dobemann and 
Fairhurst 2002, Takahashi 2003, Yadvinder-Singh et al 2005). However, investigation of largely 
unexplained benefits that arise from crop residue recycling, such as microbiological, biological N2 fixation, 
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pest suppression, soil physical improvement were still identified as needs in this area (Yadvinder-Singh et 
al 2005). This chapter provides an idea on the rate at which rice straw decomposition occurs, when 
decomposition intermediates like organic acids are highest, and when the levels of these intermediates 
recede. The rate and timing of decomposition process provided information on the critical timing of rice 
straw incorporation to favor beneficial effects and minimize greenhouse gas production at the early stage of 
the crop. It further offers an idea on what possible substrates are available in the soil relative to the timing 
of straw incorporation which can support plant-microbe research in the paddy. 
The chapter has been divided into 3 studies: 1) Soil solution sampling for organic acids in rice 
paddy soils (Angeles et al., 2006); 2) Faster anaerobic decomposition of a brittle straw rice mutant: 
Implications for residue management (Johnson et al., 2006); and 3) Faster residue decomposition of brittle 
stem rice mutant due to finer breakage during threshing (Cabiles et al., 2008). 
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2.1. Study 1: Establishing a soil solution sampling method for organic acids in rice paddy soils 
 
2.1.1  Introduction 
Organic acids (OA) have been implicated in many processes operating in the soil rhizosphere, 
some with positive effects and others with negative effects on plant growth, including nutrient acquisition, 
metal detoxificaton, mobilization of insoluble nutrients from soil, alleviation of anaerobic stress in roots, 
mineral weathering, and pathogen attraction (Jones, 1998). Organic acids are low molecular weight 
carbohydrate-containing compounds possessing one or more carboxylic acid groups.  They are produced in 
soil by decomposition of organic matter or by exudation from plant roots (Tsutsuki, 1984).  In the specific 
case of anaerobic decomposition of organic matter in submerged rice paddies where a wide variety of 
organic metabolites are produced at low redox potential, the OA produced in largest quantities are 
fermentation intermediates including acetic, propionic, formic, butyric, and lactic acids (Wang et al., 1967; 
Gotoh and Onikura, 1971; Chandrasekaran and Yoshida, 1973; Rao and Mikkelsen, 1977b; de Sousa et al., 
2002).  These OA generally have very short residence time in soil solution, after which they are converted 
to CO2 or CH4. Although organic matter incorporation can enhance soil fertility and sustainability, these 
fermentation OA are believed to have adverse effects on growth and yield of rice (Cannell and Lynch, 
1984). To isolate effects of potentially toxic OA from other possible growth-inhibiting effects of straw 
decomposition (such as N immobilization), it is necessary to be able to measure the transient OA in soil 
solution at various times in the decomposition and plant growth processes.  
When sampling soil solution for analysis of its chemical components, the primary task is removal 
of the solution from the soil without changing its chemical composition.  Soil solution sampling methods 
can be grouped into categories according to the type of force used to separate solution from soil: i) zero 
tension, which relies on gravity flow, ii) medium tension induced by vacuum suction, and iii) variable 
tension induced by centrifugation - usually at higher tension than vacuum suction (Tiensing et al., 2001). 
 Zero-tension sampling can be performed either by removing soil from the field and packing it into 
a column, known as displacement sampling, or by installing a pan in the field underneath the desired part of 
the soil profile, known as lysimetry. In either case, solution cannot be collected until the soil above the 
collection device is saturated and water is flowing through macropores.  
Medium-tension suction sampling can likewise be performed either on samples that have been 
removed from the field, by applying suction to the bottom of the displacement sampling column, or on 
undisturbed samples in the field by installing different types of lysimeters through which soil solution can 
be extracted by means of a vacuum pump.   
Centrifugation sampling involves destructive removal of soil cores followed by centrifugation to 
separate the solution from the soil. This method is classified as ‘‘variable tension’’ because centrifugal 
force extracts solution from pores of various sizes (various matric potentials) (Tiensing et al., 2001). 
When solutions collected in the field by various sampling methods have been compared in terms 
of chemical composition, tension sampling methods (both suction and centrifugation) have usually 
demonstrated significantly different concentrations of most measured ions as compared to zero-tension 
methods. Studies are not consistent, however, regarding which methods result in higher concentrations of 
specific ions, because those differences apparently depend on the composition of each system’s plants and 
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organic matter (Marques etal., 1996; Goyne et al., 2000; Haines et al., 1982; Giesler et al., 1996). When 
different tension methods have been compared, higher nutrient concentrations have usually been reported 
for centrifugation than for suction lysimetry (Tiensing et al., 2001; Zabowski and Ugolini, 1990), although 
in the study comparing two different centrifugation speeds, there was no significant difference between 
them (Zabowski and Ugolini, 1990). Except in one case in which contamination of the soil solutions from 
one type of sampling device was demonstrated (Goyne et al., 2000), these differences have been variously 
attributed to: i) real differences in the fraction of soil solution sampled at different tensions (Zabowski and 
Ugolini,1990; Marques et al., 1996; Tiensing et al., 2001; Haines et al., 1982), and ii) artificial differences 
(dilution) caused by preferential flow through larger pores created during installation of zero-tension 
equipment (Giesler et al., 1996). Higher tension sampling is expected to remove soil water that is more 
tightly bound to soil particle surfaces (Zabowski and Ugolini, 1990). Since plant roots can also remove 
some nutrients bound to soil surfaces, tension sampling is considered more representative of soil solution 
available to plants (Marques et al., 1996).   
To develop a suitable method of soil solution sampling for transient OA, it was necessary to 
determine if any of the minor differences between sampling methods might cause artificial differences in 
OA analysis and if the OA concentration might differ according to sampling tension (i.e. if OA 
concentrations vary in different fractions of soil solution).  Several analytical techniques have been 
employed in OA analysis of various types of solutions, including soil solutions. These analytical methods 
include titrametric analysis (Dilallo and Albertson, 1961), gas chromatography–mass spectrometry (GC-
MS) (Lynch, 1980; Fan et al., 1997), ion chromatography (Shen et al., 1996), and high performance liquid 
chromatography – HPLC (Lawongsa et al., 1987; Fox and Comerford, 1990). Since the focus of this study 
was the soil solution sampling method rather than the OA analysis method, all samples were analyzed by 
HPLC using an ion exclusion column (Fox and Comerford, 1990).  The objective of this study was to 
develop a suitable method for OA analysis in saturated rice paddies. The study compared the following soil 
solution sampling methods in terms of OA detection and recovery:  i) zero tension displacement, ii) 
centrifugation, and iii) suction lysimetry. It further addressed the effect of several sample properties on OA 
recovery. These sample properties were categorized as: i) those related to essential variables between 
sampling methods, including pH, changes in dissolved gas concentration with vacuum-induced tension, and 
possible adsorption onto sand or soil particles; and as ii) those related to possible interferences inherent in 
all methods, such as concentration of salts or soluble Fe and the use of cation exchange membrane resins.  
 
2.1.2  Materials And Methods 
 
Description of materials and soil solution sampling methods  
Soil 
The soil used for the study came from the International Rice Research Institute (IRRI) experiment 
station (14o09’53”N, 120 o15’14”) block D12 and is classified as fine, mixed, isohyperthermic Aquandic 
Epiaquoll (Dobermann et al., 2000). Puddled soil was obtained from the field. Non-soil debris was 
removed, and the slurry was homogenized without air drying to attain uniform consistency before use.  
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Zero-tension displacement sampling method 
Sampling soil solution via saturated gravity-flow is considered to be a zero-tension sampling 
method, since no force other than gravity is exerted to remove the solution from the soil matrix (Tiensing et 
al., 2001). A zero-tension sampling port 3 cm above the base of rectangular plastic pots (51 by 28 by 36 
cm) was fabricated as illustrated in Figure 2.1.1 (Port 1). Ten-centimeter glass tubing (0.5-cm inner 
diameter) was attached to 60-cm silicon tubing. The glass tube was inserted into the pot at 10-cm soil depth 
through a bored rubber stopper.  A 0.5-cm thick glass wool layer (20 by 10 cm) was wrapped around the 
glass tubing before placing it in a 1- to 2-cm sand layer. With these layers in place, the soil slurry was 
slowly transferred into the pots. During sampling, the ZTD ports were opened completely and allowed to 
drip. The first 10-mL drip was discarded. The next 10-mL drip was collected, filtered through a 0.45-mm 
membrane filter (Millex-HV, PVDF, Millipore, Billerica, MA) and analyzed by HPLC as described later.  
 
Centrifugation sampling method  
Centrifugation is considered to be a variable-tension sampling method with centrifugal force as the 
source of the tension, yielding solutions representing matric potentials from 30 to 3000 kPa at 
centrifugation force of 7000 g, (Zabowski and Ugolini, 1990; Tiensing et al., 2001). Soil samples were 
removed from 5- to 10-cm depth using a metal corer (5-cm diameter by 5-cm height). Soil cores were 
immediately placed in 250-mL Nalgene polypropylene centrifuge bottles with screw caps (Nalge Nunc 
International, Rochester, NY) and stored at 4oC during sampling (30 min), followed by immediate 
centrifugation.  Centrifugation was done at 8000 rpm (8400 g) for 20 min at 20oC. Centrifugation yielded > 
20 mL of supernatant per soil core, from which 1.0 mL was filtered through a 0.45-µm membrane filter 
(Millex-HV, PVDF) before HPLC analysis.  
 
Porous tube sampling method 
This sampling method is considered to be a medium-tension method, with lower tension 
(approximately 1000 kPa) than centrifugation, due to the use of a vacuum suction system to remove 
solution from the soil (Alberto et al., 2000; Tiensing et al., 2001; Meijboom and van Nordwijk, 1992). 
Rhizon soil solution samplers (Eijkelkamp Agrisearch Equipment, Giesbeek, Netherlands) consist of a 13-
cm porous tube connected to a 60-cm clear polyvinyl chloride (PVC) tubing with 1-mm internal diameter. 
The porous tube (pore size 0.1 µm; outer diameter 2.5 mm) was PVC outside and polyethylene inside. 
The tubes were installed in experimental pots at 10-cm depth through a hole bored in a rubber 
stopper, which held the protective springs inside the pot as shown in Figure. 2.1.1 (Port 3). The first 2 to 3 
mL of soil solution was discarded before sample collection into evacuated tubes via syringe. All collection 
tubes were flushed with N2 for 30 min and then evacuated to 76 cm Hg (approximately 1000 kPa) before 
use. 
 
Porous tube in sand variation on porous tube sampling method 
This sampling method is not considered to be an alternative method for collecting soil solution 
samples, but is only included in this set of experiments for the purpose of comparing directly between PT 
and ZTD methods by placing a PT sampler at 10-cm depth in the same sand layer as the ZTD sampling port  
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Figure 2.1.1. Illustration of plastic rectangular pots (51 by 28 by 36 cm) used for the experiments. Zero-
tension displacement (ZTD) sampling port (1), suction sampling port using porous tubes surrounded bya 
glasswool–sand layer (PT-S) (2), and suction sampling port usingporous tubes (PT) (3). Centrifugation 
(CFG) sampling used soil taken from depth 5 to 10 cm. 
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(see Figure 2.1.1, Port 2). The method of sample collection from porous tube in sand (PT-S) ports was 
exactly the same as that described above for normal PT ports.   
 
Organic acid analysis by high performance liquid chromatography 
Before HPLC analysis, it was necessary to filter samples through a 0.45-µm membrane filter 
(Millex- HV, PVDF) before injection to avoid clogging of the column with soil particles, which increase 
column pressure and noise. Organic acid separation was achieved by use of an ion exclusion column (Fox 
and Comerford, 1990), a Shodex RS-Pak KC-811 column (Waters Corporation, Milford, MA), with 0.0033 
M H3PO4 as mobile phase. Organic acid quantification was accomplished using an ultraviolet–visible 
(UV-VIS) spectrum detector (Waters 2487 Dual Absorbance detector) attached to the column, set at 210 
nm. The column temperature was set at 40oC at 0.75 mL min-1 flow rate, with typical column pressure of 
4500 to 4800 kPa (650–700 psi). To achieve separation of the longest-retained OA, butyric acid, each 
sample was run for 20 min. Using Jasco-Borwin interface software (v.1.5) (JMBS Developpements, 1998), 
it was necessary to manually assign peak names according to retention time and to manually adjust 
baselines to remove noise from soil solution samples.   
 
Effect of sampling method on organic acid recovery from soil solution 
 
Using rice straw as organic acid source 
A 256-kg soil slurry (wet weight, with moisture content of 0.5–0.6 g water g dry soil-1) was 
divided into two 128-kg portions. The first 128-kg portion was distributed into four pots of 32-kg portions. 
These served as control pots for the basal concentration of the OA present in the soil samples.  The second 
128-kg portion was incorporated with 560 g of rice straw (var. IR68) that had been cut into pieces of 5 cm 
in length. This quantity represented an approximate rate of 10 Mg ha-1, calculated on the basis of pot area 
(0.14 m2).  Straw samples were allowed to decompose under flooded conditions at approximately 35oC 
daytime greenhouse temperature for 3 d before soil solution sampling. Samples were collected at the time 
of maximum OA production, which was 3 d after straw incorporation (subsequent data not shown), slightly 
earlier than expected based on previous experiments due to the low initial redox potential of the pre-
flooded soil. Samples were taken simultaneously for the three sampling methods used in this part of the 
experiment: ZTD, PT, and PT-S.  Centrifugation was not included because the experimental design would 
not permit destructive sampling. Three sample replicates were taken from each of the four replicate pots.   
 
Using reagent organic acid added to soil as organic acid source 
Preliminary tests (data not shown) were used as a basis for determining the amount of reagent 
acetic acid to add to the soil to produce a measurable peak on the HPLC without creating an unreasonably 
high concentration: 300 mL glacial acetic acid was added into 128 kg soil slurry, followed by mixing to 
uniformity before distribution into four replicate pots of 32 kg. The soil was allowed to equilibrate with the 
added acid for 4 h before simultaneous sampling was done using all four methods: ZTD, PT, PT-S, and 
CFG. Four sample replicates were taken from each of the four replicate pots.   
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Systematic comparison of variables between sampling methods  
 
Effect of solution pH 
A mixture of 1.05 M acetic, 1.31 M butyric, and 2.1 M propionic acids was prepared at three 
different pH levels from concentrated liquid reagents: pH 2.5 (requiring no adjustment), pH 6.5, and pH 10 
(adjusted with NaOH). Initial OA concentrations were selected to produce similar-size peaks of each acid 
in spite of the fact that different OA responded differently to UV-VIS detection at 210 nm. The OA 
concentration in all solutions was quantified by HPLC with four replicates. 
 
Effect of gas pressure–induced tension 
A mixture of 1.05 M acetic, 1.31 M butyric, and 2.1 M propionic acids was prepared from 
concentrated liquid reagents, and then divided into eight 10-mL subsamples in test tubes. Half of the tubes 
were sealed with a PT sampler inside, followed by transfer of the standard OA solution into an evacuated 
tube as described above for PT method. The solutions were then transferred under atmospheric pressure to 
HPLC auto-sampling vials. The other half of the samples were transferred to the HPLC vials at atmospheric 
pressure, without the intermediate step of suction through the PT sampler. Organic acid concentration in all 
solutions was quantified by HPLC with four replicates.  
 
Test for organic acid sorption to sand or soil 
A 0.5-cm layer of air dry sand or soil was placed in a Buchner funnel lined with Whatman No. 40 
filter paper. A mixture of 1.05 M acetic, 1.31 M butyric, and 2.1 M propionic acids was prepared from 
concentrated liquid reagents, of which 250 mL was passed through each funnel. Control samples using 
filter paper or funnel alone were also used for comparison. The OA concentration in all solutions was 
quantified by HPLC with four replicates.   
 
Tests for possible interferences across all sampling methods 
 
Effect of Fe and NaCl interference 
From preliminary studies, the highest Fe concentration analyzed in soil solutions was 50 mg L-1 
(data not shown). To test the effect of excessively high concentrations of Fe on OA recovery, Fe was added 
at concentrations of 300 and 500 mg L-1 and NaCl at double those concentrations (resulting in NaCl 
concentrations of 0.09 and 0.18 M) to a solution containing a mixture of 1.05 M acetic, 1.31 M butyric, and 
2.1 M propionic acids prepared from concentrated liquid reagents. The OA concentration in all solutions 
was quantified by HPLC with four replicates. 
 
Effect of cation exchange membrane resin strips 
To test the effect of cation exchange membrane resin (CEMR) strips (BDH, Inc., Toronto, ON) on 
the amount of OA measured in soil solutions, four replicate samples were taken from each ZTD port, with 
CEMR strips added to only two of the four sample collection containers. To test the effect of the CEMR 
strips on OA recovery in soil-free solution, a mixture of 1.05 M acetic, 1.31 M butyric, and 2.1 M propionic 
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acids was prepared from concentrated liquid reagents and then divided into 10-mL subsamples in eight test 
tubes. To half of these tubes was added one CEMR strip each, while no strip was added to the other half of 
the tubes. The tubes were covered, mixed thoroughly, and allowed to stand for 1 h to equilibrate before 
transfer to vials for HPLC analysis. The OA concentration in all solutions was quantified by HPLC with 
four replicates. 
 
2.1.3  Results And Discussion 
 
Effect of sampling method on organic acid recovery from soil solution 
 
Porous tube sampling resulted in a consistently higher OA concentration in soil solution than did 
ZTD sampling, both with formic and acetic acids produced by straw decomposition (Figure 2.1.2A) and 
with acetic acid sampled from soil with which a known amount of the laboratory reagent had been mixed 
(Figure 2.1.2B). Placing the PT in the sand layer (PT-S) near the ZTD port resulted in low OA 
concentration (Figure 2.1.2B), similar to ZTD and much lower than the normal PT method. The trend with 
PT-S was not clear with the straw-derived OA due to high variability and low OA concentration (Figure 
2.1.2A).  Centrifugation gave similarly high results as PT (Figure 2.1.2B). Excluding the PT-S method, the 
two tension methods (PT and CFG) collected higher concentrations of OA than did the zero-tension method 
(ZTD), which was consistent with previous measurements of larger amounts of total organic carbon in 
tension than zero tension sampling methods (Marques et al., 1996; Zabowski and Ugolini, 1990; Giesler et 
al., 1996; Tiensing et al., 2001). There was no significant difference between PT and CFG methods by 
ANOVA at the 0.05 level.  The tests discussed below were designed to determine whether the observed 
differences in OA recovery were artifacts of the variables between sampling systems or if they instead 
indicated that zero tension and tension methods sample different fractions of OA. The trends between 
sampling methods were the same for both sources of OA (decomposing straw and laboratory reagent) in 
similar soil solution matrix, although the variability was greater with the decomposing straw than with the 
laboratory reagent.  With a known amount of acetic acid added to the soil, it was possible to obtain 
percentage recovery, which revealed approximately 15 to 20% recovery for ZTD and PT-S, and 60 to 80% 
recovery for CFG and PT (Figure 2.1.2B). 
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Figure 2.1.2. Comparison of soil solution sampling methods for paddy soil based on organic acid detection 
and recovery from soil (A) with added rice straw and (B) with added acetic acid standard. ZTD, zero-
tension displacement; PT, porous tube; PT-S, porous tube placed in sand layer; and CFG, centrifugation. 
Formic acid values for graph A were multiplied by 100. Percentage recoveries of the known amount of 
added standard are shown above the columns in graph B. Bars + 1 standard deviation. ANOVA at 0.05 
level revealed significant differences between sampling methods for graph B (both millimolar and 
percentage recovery values) but not A. Different letters indicate significant differences by Tukey’s HSD at 
α = 0.05, and are the same for millimolar and percentage recovery data.  
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Systematic Comparison of Variables between Sampling Methods  
 
Variables between sampling methods fall into three categories: i) differences caused by collection 
of samples under tension into an evacuated tube (as in PT and PT-S) vs. without tension into a tube filled 
with N2 at atmospheric pressure (as in ZTD), ii) differences caused by passing the samples through a buried 
sand layer before collection, and iii) differences between collecting samples with a small amount of 
particulate soil material before filtration into the HPLC vials (ZTD and CFG) and collecting soil solution 
already filtered during sampling by passing through porous tubing (PT and PT-S). Centrifugation method 
involved a different type of collection under tension, using centrifugal force rather than gas pressure to 
produce the tension. This experiment was designed to isolate the effects of gas pressure–induced tension, 
because of the possibility of an artificial change in chemical composition when dissolved gases were 
released into the vacuum.  The hypothetical effects of inducing tension in the soil solution sample through 
changes in gas pressure (i.e., through sample collection into an evacuated tube, as in PT and PT-S) include 
change in sample pH or change in OA concentration. A change in pH is likely during collection into a 
vacuum due to the release of dissolved gases, particularly CO2, into the headspace in the tube. As CO2 
leaves soil solution, the pH of the solution would be expected to increase (Ponnamperuma, 1972). The 
change in pH would not affect the concentration of OA in soil solution, but it would affect the percentage 
protonation of OA, according to the pKa values of each (Table 2.1.1). Since the HPLC method used an ion 
exclusion column, it was possible that an increase in the percentage of OA in ionic form (i.e. an increase in 
pH) would cause a decrease in the amount of OA detected if the ions passed through the column quickly 
rather than being retained and separated as they would be in their uncharged protonated form.  
 Gas pressure–induced changes in pH would be expected to result in lower OA concentration with 
tension (PT) than zero-tension (ZTD) sampling, but observed OA concentration was higher with PT than 
ZTD (Figure 2.1.2). The pH effect would consequently not explain the observed differences between the 
methods, but would nevertheless provide information about possible limitations to the PT method. It was 
not feasible to measure actual pH of the samples after collection by different methods because of the small 
volumes involved and the need to keep the samples under N2 or evacuated environment during pH 
measurement.  Since the most important issue to understand was if the percentage of OA in ionic form 
would affect the measured concentration of OA in solution, this effect was tested by adjusting known 
concentrations of OA standards to three different pH values (representing nearly 100% protonated 
uncharged forms at natural pH2.5, a mixture of uncharged and ionic forms at pH 6–7, and nearly 100% 
deprotonated ionic forms at pH 10) and comparing the percentage recovery of the OA during HPLC 
analysis. A comparison of acetic, butyric, and propionic acids at these three different pH levels (Figure 
2.1.3A) indicated that there was no effect of pH on recovery of any of the OA by HPLC. This lack of pH 
effect is most likely explained by the presence of the mobile phase of 0.0033 M H3PO4 (pH 2.45), which 
presumably changed the pH at the time of injection into the column of the small injected sample volume 
(10 ml) until it was below the pKa of all of the acids (see Table 2.1.1). It was concluded that although the 
effect of sampling method on solution pH was unknown, differences in pH would have had no effect on 
measurement of OA by the HPLC separation and analysis method.  This conclusion also implies that Table  
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2.1.  Descriptions of organic acids used in this study. 
 
Organic acid   Formula   pKa values† 
Acetic  CH3COOH 4.76 
Aconitic  HO2CCH5C(CO2H)CH2CO2 H 2.80, 4.46‡ 
Butyric  CH3CH2CH2COOH 4.83 
Formic  HCOOH 3.75 
Oxalic  HOOCCOOH 1.27, 4.28 
Propionic  CH3CH2COOH 4.87 
† From Dean (1979) except where otherwise noted. 
‡ Both aconitic pKa values are from Budavari (2001) 
 
variation in soil solution. Solution pH (presampling), which could affect OA toxicity to plants (Rao and 
Mikkelsen, 1977a), would not affect OA separation and quantification by HPLC.  It was also possible that 
the amount of dissolved OA in solution might be directly affected during sampling into an evacuated tube 
(as in PT and PT-S) if some of the low molecular weight OA volatilized out of solution into the evacuated 
headspace. The result of this hypothetical effect would be to reduce the amount of OA in solution sampled 
under gas pressure–induced tension compared to that sampled without tension (ZTD). This would not 
explain the observed differences between sampling methods (Figure 2.1.2) but would provide information 
on limitations of the PT method.  
 When vacuum suction was applied to a solution of standard OA to test percentage of recovery, 
there was no difference in the amount of OA detected under a vacuum relative to atmospheric pressure 
(Figure 2.1.4B). It was concluded that there was no significant volatilization of OA into the evacuated 
headspace of the tubes under gas pressure–induced differences in tension.   
 One experiment was designed to test the effects of the second two categories of differences 
between sampling methods: 1) the differences caused by the sand layer and 2) the differences caused by the 
presence of small amounts of particulate soil in the solutions. In each case, the hypothesis was that some 
OA might be sorbed to the surface of either the soil particulate matter or the sand layer, thereby removing it 
from the solution. It was more likely that OA would be absorbed to various components of soil (such as 
anion-exchanging layers in some clay minerals or iron and aluminum oxides) than sand (McBride, 1994). 
While removal of OA through sorption to the soil layer during filtration might explain the much lower 
recovery of ZTD method compared to PT, it would not explain the poor recovery of PT-S (which was 
filtered through PT during sample collection and therefore had no soil particles) or the high recovery of 
CFG (which contained some soil particles) (Figure 2.1.2).  When solutions of known concentrations of 
reagent OA were passed through layers of sand or soil in a funnel, OA recovery was approximately 100% 
for sand and soil (Figure 2.1.3C), indicating that there was no OA sorption on either layer. It was concluded 
that the presence of soil particulate matter in the samples of some methods had no significant effect on OA 
recovery, and that sorption of OA to sand was not the cause for the low OA recoveries observed in the two  
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Figure 2.1.3. Factors evaluated as possible sources of variation between sampling methods based on 
organic acid recovery using organic acid standard mix at known concentration: (A) pH difference; (B) with 
and without suction during sampling; and (C) presence of soil and sand particulates. Bars = + 1 standard 
deviation. ANOVA revealed no significant differences at α = 0.05 level between treatments within each 
organic acid. 
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methods that used a sand layer.  
 In summary, it was concluded that among the three categories of differences between sampling 
methods, only the differences related to collection of samples through a layer of sand vs. directly from soil 
could explain the pattern of high OA recovery with PT and CFG but low recovery with PT-S and ZTD 
(Figure 2.1.2B). Since sorption of OA onto the sand was both theoretically unlikely (McBride, 1994) and 
unobserved in the experiment (Figure 2.1.3C), and since it was shown that neither changes in pH nor gas 
pressure during sampling would cause artificial changes in OA concentration (Figure 2.1.3A and B), it was 
concluded that the observed differences between methods represent real differences in OA concentration in 
different soil waters (Giesler et al., 1996). Specifically tension sampling (PT and CFG) removed more of 
the soil solution that is bound to the soil surface, which contained higher concentration of OA. Zero-tension 
sampling (ZTD) removed solution that passed through soil macropores into the sand layer around the 
sampling port during saturated gravity flow. Tension sampling from the buried sand layer (PT-S) removed 
soil solution with OA concentration similar to zero-tension sampling (ZTD), indicating that the method 
sampled the same fraction of the soil solution as ZTD. The soil solution that passed through the macropores 
was the fraction sampled from the sand layer. Sampling with tension in the buried sand layer (PT-S) drew 
out much less of the soil-particle bound fraction of the soil solution as compared to sampling with tension 
in the soil (PT). 
 
Tests for possible interferences across all sampling methods  
 
 Regardless of sampling method, the soil solution samples contained many other unknown 
components in addition to OA, resulting in a large peak at early retention time on the HPLC 
chromatograms. This first peak presumably consisted of ionic soil solution components, including many 
different salts, with a significant quantity of Fe, which would have been present in original solution 
samples as Fe2+ but was oxidized to Fe3+ on exposure to the air during filtration. The early peak had a 
shorter retention time than oxalic acid, allowing the two peaks to be separated when the early peak was 
small, as in the OA standard mixture (Figure 2.1.4A). But when large enough, as in soil solution samples, 
the early peak merged with the oxalic acid peak (Figure 2.1.4B).  This observation has two implications: i) 
in most soil solution samples, it will be difficult to accurately quantify oxalic acid by ion exclusion HPLC, 
and ii) it would be possible to mistakenly identify the large mixed-ion peak in soil solution samples as 
oxalic acid. The large early ionic mixture peak in the soil solution samples might be expected to affect OA 
separation and quantification by HPLC in two ways: i) the ions making up the early peak might form 
complexes with OA in solution, causing the OA to become ionic and pass through the column without 
separation or causing the OA to interact differently with the detector resulting in changes in UV-VIS 
detector response calibration, or ii) the high concentration of salt, with or without specific interactions with 
OA, might be retained in the column long enough to mask later peaks. The effect of the former problem 
would be a decrease in the measured amount of OA in solution, while the latter problem could artificially 
increase the OA recovery. If the large early peak contained a significant amount of oxalic acid, it might 
also be possible for oxalic acid to be retained in the column long enough to mask later peaks, which could 
artificially increase recovery of other OA with short retention times.   
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Figure 2.1.4. HPLC chromatogram showing organic acid peaks at different retention times (min) using an 
ion exclusion column run at 40oC, 0.75 mL min-1 flow rate, 10-mL sample volume, and 210 nm detection: 
(A) organic acid standard mixture showing small unknown ion peak; and (B) soil solution sample showing 
a large ion peak which may overlap with oxalic acid. 
 
 
 The effects of exaggerated quantities of Fe3+, non-specifically interactive salts (represented by 
NaCl), and oxalic acid on the recovery of several reagent OA standards with varying structures and 
retention times were tested. No significant change in separation and quantification of known amounts of 
propionic acid was observed (Figure 2.1.5A). Presumably, since the mobile phase (0.0033M H3PO4) pH 
was approximately 2.45, all the OA passing through the column were protonated and Fe complexation was 
minimized. A small but statistically significant decrease (by ANOVA at 0.05 level) was observed in the 
recovery of acetic acid in the presence of oxalic acid (Figure 2.1.5A). Since there was no evidence of peak 
overlap on the chromatogram, this apparent interference is not expected to be an important problem in 
future analyses. It was concluded that all of the OA in the experiment, with the exception of oxalic acid 
because of its overlap with the early ion peak, could be accurately separated and quantified by HPLC, even 
in the presence of a high concentration of salts. It should be emphasized, however, that the unknown ionic 
peak present in all soil solution samples changed the shape of the baseline of the chromatograms. To 
accurately quantify the amount of OA in these samples, it was necessary to use the computer interface 
software to manually redraw the baselines before using the integrated peak area to determine OA 
concentration.   
 Cation exchange membrane resin (CEMR) strips were used in sampling containers when 
measuring OA in soil solution to sorb some of the Fe2+ that might precipitate out of solution after oxidation 
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to Fe3+, causing complexation with some OA and thereby interfering with their detection (Guy Kirk, 
personal communication, December 1999). The tests of the use of CEMR strips in soil solution samples 
revealed higher concentrations of acetic, formic, and propionic acids measured in samples collected with 
CEMR strips than in those collected without the strips (Figure 2.1.5B), confirming the benefits of their use 
when sampling soil solution for OA. The tests of the effect of CEMR strips on recovery of known amounts 
of laboratory reagent OA in soil- free solutions revealed no difference in OA detection between solutions 
with or without the strips (Figure 2.1.5C), indicating that the strips had no direct interfering effect on OA 
measurement.  It was concluded that: i) the CEMR strips could be used safely without removing OA from 
solution, and ii) the CEMR strips were essential for higher recovery of OA from soil solutions. The 
hypothesis for their usefulness with soil solutions was that the CEMR strips would remove excess Fe from 
solution so that it would not precipitate out as it oxidized from soluble Fe2+ to insoluble Fe3+. However, 
results showed that the presence of high concentrations of Fe3+ in soil-free solution did not affect OA 
measurement (Figure 2.1.5A), even though the removal of Fe2+ and Fe3+ from soil solution improved OA 
recovery (Figure 2.1.5B). This apparent contradiction can most likely be explained by the fact that the high 
concentrations of Fe3+ were added to the soil free solutions at very low pH (Figure 2.1.5A), minimizing 
complexation with OA, while the presence of Fe3+ at the natural pH of the soil solution during collection 
and recovery due to complexation and precipitation of OA with Fe3+. This problem could be counteracted 
with use of CEMR strips, and Fe remaining in soil solution during HPLC analysis had no effect on the 
separation or quantification of OA.  
 
Other variables that affect organic acid measurement in soil solutions  
 
In addition to the variables tested and discussed above, it was also observed several other variables 
that deserve mention. Solution samples must be analyzed by HPLC within approximately 24 h of 
collection, and stored at 4oC during the intervening hours. It was useful to place samples in ice in the 
greenhouse during sample collection, followed by immediate transfer to a refrigerator, and to maintain the 
HPLC autosampler at 4oC during analysis. If samples became too warm, a precipitate (presumably 
composed partly of Fe3+) formed in the tubes in spite of their lack of direct exposure to oxygen.  It is also 
possible that OA began to decompose when warm. The HPLC analysis of samples within 24 h after 
collection followed by a repeat analysis of the same samples 3 d later (after continuous refrigeration at 4oC) 
revealed that the OA content of the samples had changed completely (data not shown).Two other variables 
that significantly affected the amount of OA measured in soil solution were the depth and timing of sample 
collection (data not shown). Variation due to depth was expected because the production of these OA is 
redox dependent and redox potential varies with soil depth (Patrick and DeLaune, 1972).  Variation due to 
timing of sample collection was anticipated because OA are formed as intermediates in decomposition 
processes, implying temporary residence time in soil before conversion to other compounds (Acharya, 
1935). Decisions about sampling depth and timing should be made after careful consideration of 
experimental objectives.  
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Figure 2.1.5. Factors evaluated as possible sources of interference from soil solution components regardless 
of the sampling method used: A) organic acid standard mixture with various levels of Fe, NaCl, and oxalic 
acid; B) soil solution sample with and without cation exchange membrane resin (CEMR) strips; and C) 
organic acid standard mixture with and without CEMR strips.  Formic acid values were multiplied by 10 in 
graph B. Bars = + 1 standard deviation. Different letters represent significant differences by Tukey’s HSD 
at α = 0.05 where treatment differences within each organic acid were significant by ANOVA at the 0.05 
level.  
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2.1.4  Conclusion 
 
Tension soil solution sampling methods (PT and CFG) resulted in higher OA concentrations than 
the zero-tension method (ZTD) (Figure 2.1.2). After testing for several possible artifacts of the sampling 
methods and observing no artificial effects (Figure 2.1.3), it was concluded that the observed differences 
between sampling methods indicated that the different methods were actually extracting different fractions 
of soil solution: macropore fraction (using zero tension) vs. micropore fraction (using PT and CFG). Since 
the tension methods result in higher OA concentrations that are easier to measure, these methods are 
recommended for experiments where the main objective is comparison of the effect of various treatments 
on OA concentration in the soil solution.  No significant difference in OA recovery was found between the 
two tension methods. Centrifugation has the advantage of requiring no consumable equipment but the 
disadvantage of requiring destructive sampling, making it unsuitable for repeated measurements in 
greenhouse experiments. Use of porous tubes has the advantage of nondestructive, easily repeatable 
sampling from the same location in the field or greenhouse, but the disadvantage of added cost for the 
samplers. Regardless of the sampling method chosen, results demonstrated the importance of using CEMR 
strips in the sample collection containers to sorb interfering cations (Figure 2.1.5B), as well as the 
importance of immediate analysis (within 24 h after sampling) and storage of the samples at 4oC between 
sampling and analysis.  It is unclear which soil solution fraction would be more relevant to OA toxicity 
studies with rice seedlings.  Since tension-sampled soil solution is reputed to be more plant available 
(Marques et al., 1996), the higher concentrations of OA obtained by these methods maybe more important 
in determining phytotoxicity. However, it is conceivable that the mechanism of toxicity might be more 
related to macropore OA concentration, in which case the zero-tension measurements would be more 
relevant. Most of the early work assessing OA concentrations in soil in relation to plant toxicity used water 
or dilute H3PO4 acid extractions, rather than soil solution sampling (Gotoh and Onikura, 1971; Rao and 
Mikkelsen, 1977b; Chandrasekaran and Yoshida, 1973).The design of an experiment to test effects of OA 
on plant toxicity in the field would require an easily measurable plant parameter indicative of toxicity, 
which could be correlated to tension and non-tension soil solution sampling methods to determine which 
soil solution fraction is more relevant. 
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2.2  Study 2: Faster anaerobic decomposition of a brittle straw rice mutant: Implications for residue 
management 
 
2.2.1  Introduction 
  
 In the previous study, use of porous tubes with applied suction tension was found effective in 
quantifying organic acids in soil solution by high performance liquid chromatography (HPLC) analysis. 
This method allowed repeated monitoring of organic acids at specific locations or soil depths. The method 
was utilized together with gas chromatography in this study to relate organic acids with carbon dioxide and 
methane gas production. Nitrogen, phosphorus, and potassium were also monitored during the duration of 
the experiment. 
 Decomposition of rice (Oryza sativa) straw occurs anaerobically when crop residues are 
incorporated into flooded rice soils during land preparation for the following crop. There are many long-
term benefits associated with residue incorporation, including soil fertility improvement and increased 
levels of soil organic matter. However, in the weeks of rapid decomposition immediately following 
incorporation, residues may cause N immobilization and production of reputedly phytotoxic organic acids, 
as well as emission of the environmentally harmful greenhouse gas methane. A brittle mutant of IR68 rice 
was developed through ethyl methyl sulfonate (EMS) mutagen treatment (Singh et al., 1994), with no 
intended focus on enhancing agronomic function. This mutant is not particularly high-yielding, and has not 
been made available to farmers, although it could be crossed with other varieties for further development if 
desired. When its characteristic brittleness was observed in the greenhouse, it was hypothesized that the 
brittle stems and leaves would decompose more rapidly than their non brittle counterpart. Brittle mutants of 
other species like maize and barley have been shown to be deficient in an enzyme that is part of the 
cellulose synthesis pathway (Preiss et al., 1990; Kimura et al., 1999), resulting in much lower cellulose 
content in the stem and leaf tissue. Low cellulose content has been used to explain the characteristic 
brittleness of brittle mutants (Gaudillere and Monties, 1989; Kokubo et al., 1991). Cellulose content has 
sometimes been negatively correlated with decomposition rate (Gunnarsson and Marstorp, 2002; Rahn et 
al., 2003).  In aerobic systems, release of carbon dioxide (CO2) has often been measured to compare 
decomposition rates of crop residues, since it is the end product of C mineralization processes (Webster et 
al., 2000; Wang et al., 2004). Under reduced conditions, in which there is much less oxygen available in the 
soil, methane (CH4) is the more common C-containing end product of microbial activity (DeveÃvre and 
HorwaÂth, 2000; Inubushi et al., 1989), although carbon dioxide is also produced. In flooded systems, 
decomposition rate can be measured by determining net C mineralization over time in the forms of methane 
and carbon dioxide (DeveÃvre and HorwaÂth, 2000). Methane has 23 times higher global warming 
potential compared with carbon dioxide (IPCC, 2001), so releasing more residue C into the atmosphere as 
methane is environmentally harmful.  If the C/N ratio of the residue is above 30, temporary N 
immobilization can be expected (Kumar and Goh, 2003), resulting in decreased N availability to plants. 
Once the easily decomposable forms of C in the residue have been decomposed, the decomposition rate 
slows down as the microbial population reaches death phase due to nutrient unavailability, and much of the 
N that was bound in microbial biomass is released back into plant-available forms. Therefore, both the 
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forms of C in the residue and the C/N ratio are expected to have a significant impact on the timing of N 
immobilization during decomposition (Bending et al., 1998). If decomposition of a low-cellulose brittle 
mutant were to proceed more rapidly immediately following incorporation because more of its total C were 
in easily decomposable forms, it would be expected that N immobilization might be more severe initially 
but of shorter duration than for the non-brittle straw variety.  Low-molecular-weight organic acids (OA) are 
produced transiently during residue decomposition as an intermediate step in the anaerobic conversion of 
residue C to methane (Acharya, 1935). These OA, which include primarily acetic, butyric, propionic, 
formic, and aconitic acids (Chandrasekaran and Yoshida, 1973; Rao and Mikkelsen, 1977c; de Sousa et al., 
2002), have been shown to inhibit rice seedling growth when added to nutrient solution culture at levels 
comparable to those observed inthe soil during residue decomposition (Rao and Mikkelsen,1977b). 
However, it remains unclear if OA significantly hinder seedling growth under field conditions because: 1) 
the negative effect of OA has been observed to be minimized at near-neutral pH (Tanaka and 
Navasero,1967; Rao and Mikkelsen, 1977a), which is the common pH in many reduced soils 
(Ponnamperuma, 1972), and (2) there are other potential causes of growth inhibition following residue 
incorporation (e.g. N immobilization) which make it difficult to interpret correlations between growth 
inhibition and OA levels. If a brittle mutant were to decompose faster, it would be expected to produce 
either more total OA or to achieve peak OA production at an earlier time compared with non-brittle straw. 
If it produced more total OA, this would not be expected to harm plant growth if the process occurred fast 
enough so that the concentration of OA in soil solution had decreased prior to transplanting. The objective 
of this study was to evaluate the potential usefulness of IR68’s brittle mutant as part of a residue 
management strategy in rice-rice cropping systems. The hypothesis was that the brittle mutant would 
decompose more rapidly than the non-brittle phenotype. In order for more rapid decomposition to be useful 
during a short fallow time, the negative effects of decomposition on plant growth would need to reach their 
maxima and decrease again during the interval between incorporation and transplanting. To compare the 
straw decomposition rates of the normal and mutant varieties, total C release was measured over time after 
incorporation, in the form of carbon dioxide and methane. To evaluate the impact of decomposition 
differences on short-term negative effects that may inhibit plant growth, nutrient dynamics and organic acid 
production were measured. These parameters were measured in a 30-d greenhouse experiment. 
 
2.2.2  Materials and methods 
 
Soil and residues 
 
 The soil used in these experiments was an Aquandic Epiaquoll (Soil Survey Staff, 1994; 
Dobermann et al., 2000) taken from the D12 block of the experimental farm of the International Rice 
Research Institute (IRRI) in Los Baňos, Laguna, Philippines (latitude: 14o09’53”N, longitude:120 o 
15’14”E, 21m elevation). It was removed from the field after puddling and transferred to individual pots 
following removal of non-soil debris and homogenization by hand mixing in a large trough. Soil was not 
air-dried during the homogenization procedure, but was instead maintained in its reduced state from the 
time of removal from the field until the end of the incubation experiment.  Three replicate sub-samples of 
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the homogenized soil used in the pot experiments were air-dried and submitted to IRRI’s Analytical 
Services Laboratory for analysis of texture by the Bouyoucos hydrometer method (Gee and Bauder, 1986), 
pH (1:1 w/v in water), Kjeldahl N (see Bremner, 1996), Organic C (Walkley and Black, 1934), and 
available P (Olsen et al., 1954).   
 The rice (Oryza sativa) straw used in these experiments was of the variety IR68 (non-brittle) or its 
brittle mutant. The brittle culm mutant was isolated from the mutagenized population after EMS treatment 
under a genetic mapping and linkage establishment project (Singh et al., 1994). Both the variety IR68 and 
the mutant were grown in an unreplicated field trial in block D12 of the IRRI experimental farm for two 
seasons, dry season 2003 and wet season 2004, for the purpose of seed multiplication and straw production. 
The straw was sampled both seasons after harvest for biochemical characterization. The straw from wet 
season 2004 was used for the incubation experiment described below.  In order to estimate the relative 
effects of spatial and temporal variation compared with varietal variation on straw biochemical properties, 
two straw sub-samples were taken during each of two seasons from different parts of the un-replicated field 
experiment. The straw was separated into leaves and stems, and then each of the samples was oven-dried at 
70o C for 3 days. Samples were ground with a stainless steel mechanical grinder (Cyclone Sample Mill, 
Udy Corporation, Fort Collins, Colorado) to < 1 mm, followed by wet digestion with a mixture of nitric, 
perchloric, and sulfuric acids and ashing at 550o C of the solids removed during filtration of digest for 
gravimetric crude Si analysis (Yoshida et al., 1976). The samples ground to o1mm were also used in 
gravimetric determination of lignin, cellulose, and ash by the acid-detergent fiber (ADF)—sulfuric acid 
method (van Soest, 1963; Rowland and Roberts, 1994). After further grinding samples with a ball mill 
grinder (Vibrating Sample Mill Model TI-100, CMT Co., Ltd., Tokyo, Japan), total C and N were 
determined using a CN analyzer (Europa Scientific Roboprep Carbon Nitrogen Analyzer, Middlewich, 
Cheshire,UK), which utilized combustion, followed by gas separation and determination using a gas 
chromatograph equipped with a thermal conductivity detector. 
 
Incubation experiment 
 
 There were three straw treatments for the incubation experiment: control (0 straw), non-brittle (10 
Mg ha-1), and brittle (10 Mg ha-1). Each straw treatment was replicated 4 times, for a total of 12 pots, which 
were arranged in a completely randomized design. The puddled soil, which had been maintained 
continuously flooded following removal from the field, was mixed with the straw, the amount of which was 
calculated on the basis of pot area (0.18 m2), and then added to rectangular plastic pots equipped with 
microporous tube sampling ports as illustrated in Figure 2.2.1. Pots were placed in a greenhouse at about 
35oC daytime temperature, under black cloth to minimize algae growth. The floodwater level was 
maintained at a depth of 5 cm above the soil surface throughout the 30-d experiment. Redox potential was 
measured every 2–5 days, beginning 3 days after straw incorporation (DAI), using permanently installed 
platinum electrodes and a silver/silver chloride reference electrode (Patrick et al., 1996). The measured mV 
values were corrected to the standard hydrogen electrode values for conventional notation by adding a 
correction factor of +199 mV. 
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Figure 2.2.1. Incubation experiment sampling set-up, showing location of resin capsules for nutrient 
sampling, microporous tubes for organic acid sampling, and the chamber for gas sampling. 
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Gas measurements  
 
Gases emitted from the soil were collected in 6.6-l cylindrical chambers placed above the soil 
surface for 24 h continuously. Initial samples were taken at time 0 from the greenhouse air in the morning 
prior to placing the chambers in the floodwater in the pots. After 6 and 24 h the electric fan in the top of the 
chamber was turned on for 60 s to mix the gases in the chamber prior to sampling. The 6-h sampling time 
was chosen, based on pre-experimentation to represent a midpoint within the linear range of methane and 
carbon dioxide production over time, before a plateau was reached due to oxidation or dissolution of the 
gases in the floodwater. The 24-h sampling time was also used in order to get an estimate of cumulative gas 
emission that would account for possible diurnal fluctuations in gas production. Disposable 1-ml syringes 
were used to remove four gas samples from each chamber, two for carbon dioxide and two for methane 
analysis, after flushing each syringe ten times with air from the chamber.  Only one of each duplicate 
sample was analyzed routinely; the other was analyzed occasionally as a quality control check. Gases from 
the syringes were injected immediately (within 2–3 h) into a gas chromatograph (GC) equipped with a 
Porapak-QS® column (Waters Corporation, Milford, Massachuesetts, USA) and thermal conductivity 
detector for CO2 (Hitachi 023, Tokyo, Japan) or a Porapak-N® column (Waters Corporation, Milford, 
Massachuesetts, USA) and flame ionization detector for CH4 (Varian Star 3400, Palo Alto, California). Gas 
emission flux rates were calculated as mg CO2-C (or CH4-C) g
-1 added C h-1, after subtracting the values 
contributed from the soil as measured in the 0-straw control. Trends between brittle and non-brittle straw 
were similar for gas measurements taken over a 6 or a 24-h time period, so only the 6-h data was shown. 
For cumulative emission curves, it was necessary to estimate the gas emission values between sampling 
days in order to calculate the total amount of gas produced over time from the straw. To estimate the values 
between sampling times, a line was drawn between the two measured values on either side of the 
unmeasured point, and the equation of that line was used to interpolate the inner data points. For the 
cumulative emission estimates, similar trends comparing the two straw types were achieved by multiplying 
the 6-h data by four or using the 24-h data, so only the data calculated from the 6-h measurements were 
used. 
 
Nutrient measurements 
 
To measure plant-available nutrients in the flooded pots, PST-1 resin capsules (UNIBEST, 
Bozeman, MT) were used (Dobermann et al., 1997). They contained a 1:1 equivalent mixture of strongly 
acidic and strongly basic exchange resins (Amberlite IRN-150, Rohm and Haas Co., Philadelphia, PA). The 
total surface area of each capsule was 11.4 cm2 with approximately 0.12 cmolc cation + 0.10 cmolc anion 
exchange capacity. Two resin capsules were inserted in each pot to a depth of 7.5 cm, allowed to remain 
buried for 7 days, and then removed, followed by rinsing with deionized water and sequential extraction 
with three times 20-ml of 2M HCl (Hart and Binkley, 1984). A new set of resin capsules was inserted once 
each week for four weeks. Following filtration through Whatman No. 42 filter paper, resin extracts were 
analyzed for NH4
+-N by the salicylate spectrophotometric method of Kempers and Zweers (1986), for P by 
the phosphomolybdate blue spectrophotometric method of Murphy and Riley (1962), and for K and Fe by 
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atomic absorption spectroscopy (Varian SpectrAA-20 Plus, Palo Alto, California). All results of the resin 
capsule method are reported as resin adsorption quantity (RAQ) in micromoles per square centimeter of 
capsule surface (Dobermann et al., 1997). 
 
Organic acid measurements 
 
Soil solution was sampled for organic acid measurement every 2–3 days throughout the 
experiment, by applying vacuum suction through microporous tubing (Rhizon soil solution samplers, from 
Eijkelkamp Agrisearch Equipment, Giesbeek, Netherlands) installed at 5- and 10-cm depth in the soil. 
There were two microporous tubes installed at each depth in each pot, for a total of four per pot, as 
illustrated in Figure 2.2.1. Soil solution sampling and organic acid analysis methodology is described in 
detail by Angeles et al. (2006). Briefly, the evacuated solution sampling vials each contained one cation 
exchange membrane resin strip (BDH, Inc., Toronto, Canada) to sorb excess metals, primarily Fe, to 
prevent their complexation with the OA analytes. Solution samples were filtered within 4 h of collection 
through a 0.45 mm membrane filter (Millexs-HV, PVDF, Millipore, Billerica, Massachusetts), followed by 
high performance liquid chromatography analysis (HPLC) using an ion exclusion column (Shodex RS-Pak 
KC-811 column, Showa Denko K.K., Kawasaki, Japan) with 0.0033M H3PO4 as the mobile phase. 
 
Statistical analysis 
 
 For gas, organic acid, and resin capsule nutrient measurements, analysis of variance was done 
using SAS mixed procedure (Littell et al., 1996), with the data gathered at each sampling time analyzed 
using mixed models for repeated measures. The factors in the model were straw treatment, replication, and 
time. The organic acid and gas data were log-transformed prior to analysis due to the non-normal 
distribution of residuals. Means were compared using the least significant difference test. 
 
2.2.3  Results 
 
Biochemical properties of soil and straw 
 
The soil had 0.23% N, 2.3% organic C, 80 mg bicarbonate-extractable P kg-1 soil, and pH 6.3.  Its 
texture was classified as a clay loam, with 30% clay, 41% silt, and 29% sand.  The results of the 
biochemical comparisons between brittle and non-brittle straw are provided in Table 2.2.1. The brittle 
mutant had slightly narrower C/N ratio than the non-brittle (P < 0.05), which reflected a slightly higher 
total N content (P < 0.05), since total C content was not significantly different between the two straw types. 
The brittle mutant also had significantly lower ADF content (P < 0.001). ADF is made up of lignin, 
cellulose, and ash, and examination of the results indicates that the lower ADF content of the brittle mutant 
was a result of lower cellulose content (P < 0.001), since both lignin and ash contents were actually slightly 
higher in brittle than non brittle straw (P < 0.001). Brittle straw also had a significantly higher crude Si 
content (P < 0.05), although the difference was small. 
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Redox potential 
 
Both straw treatments caused significant decrease in redox potential (Eh) relative to the 0-straw 
control (P<0.001), and there was no difference between the two straw treatments from the beginning of 
redox measurements at 3 days after incorporation onwards (Figure 2.2.2A).  Available Fe demonstrated the 
same trend in redox potential, showing a significantly greater amount of Fe in soil solution in both straw 
treatments compared to the control (P<0.001), but no differences between straw treatments (Figure 2.2.2B). 
Greater Fe availability occurred simultaneously with lower redox potential, because the reduced Fe2+ is 
more soluble than the oxidized Fe3+.  There was significantly greater Fe available in the brittle straw 
treatment than with the non-brittle straw during the first week (P<0.05), which may indicate that the redox 
potential dropped faster with brittle straw during the first 3 days after incorporation, prior to redox 
measurements. 
 
Carbon dioxide and methane production 
 
The amount of C lost from the decomposing straw as methane, carbon dioxide, or a combination 
of the two gases was significantly greater (P<0.0001) for brittle than non-brittle straw (Figures 2.2.3 and 
2.2.4). The time of highest methane release rate was earlier for brittle than non-brittle straw (Figure 
2.2.3C). Approximately 51% of straw C was lost from brittle straw during the first three weeks following 
incorporation, compared with 28% from non-brittle (Figure 2.2.4), with approximately 60% of that C loss 
occurring in the form of CH4 and 40% as CO2 for each straw type. 
 
Nutrient dynamics 
 
Ammonium–N availability decreased in each treatment after the first week, including the 0-straw 
control treatment, and remained at the same low level for the remaining three weeks of the experiment 
(Figure 2.2.5A). Within each straw treatment, the first week was significantly (P<0.05) higher than the 
subsequent weeks. The brittle straw treatment showed lower NH4
+-N availability than the regular straw and 
control treatments, but this difference was significant (P<0.05) only during the fourth week.  P availability 
remained the same over time in the two straw treatments, but decreased steadily and significantly in the 
control treatment (P<0.05) (Figure 2.2.5B). Both straw treatments, although not different from each other, 
showed significantly greater P than the control during the fourth week (P<0.05), but the difference was due 
to the decrease in P availability in the control rather than an increase with straw addition. K availability was 
significantly greater in the two straw treatments compared to the control (P<0.001), but there was no 
difference between the two types of straw after the first week (Figure 2.2.5C). During the first week, brittle 
straw showed a small but significantly greater amount of available K than non-brittle (P<0.05). ANOVA 
revealed an overall significant effect of time (P<0.05) on K availability, but the differences were very small 
and the trends inconsistent. 
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Figure 2.2.2. Redox potential (A) and resin extractable Fe (B) over time after incorporation of brittle and 
non-brittle rice straw, compared with a no straw control treatment. For the redox potential data, ANOVA 
with repeated measure revealed an overall significant effect of straw treatment (P<0.0001) and time 
(P<0.05), but no interaction effect. For the resin Fe data, ANOVA with repeated measure revealed 
significant treatment, time and interaction effects (P<0.001). Within a sampling time, significant treatment 
differences (P<0.05) in resin Fe data are indicated by different letters, using least significant difference 
means comparison. Error bars indicate standard deviation (N= 4). 
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Organic acid production 
 
 There was a significantly greater amount (P<0.0001) of each of five different organic acids 
released from brittle than non-brittle straw during the first 15 days after incorporation (Figure 2.2.6). In 
only a few cases was the difference between non-brittle straw and the 0-straw control significant, as in 
formic acid at 5 cm depth at 8DAI (Figure 2.2.6). There was generally a greater amount of each organic 
acid produced at 10-cm depth than at 5-cm depth, but the depth effect was significant only for propionic 
(P<0.001) and formic (P<0.05) acids. The concentration of different organic acids in soil solution decreased 
in the following order: propionic > acetic >butyric >> formic >> aconitic. 
 
2.2.4  Discussion 
 
Biochemical comparison of straw properties 
 
The results presented in Table 2.2.1 are similar to expectations based on literature comparing rice 
straw properties in general (Abou-El-Enin et al., 1999; Villegas-Pangga et al.,2000), and on studies which 
have specifically examined biochemical differences in brittle mutants (Sharma et al.,1986; Kokubo et al., 
1991; Kurata et al., 2005). Compared to rice straw properties in general, the results are about average for 
total C and total N, slightly higher than average for lignin and ADF, and slightly lower than average for 
cellulose and crude Si (Abou-El-Enin et al.,1999; Villegas-Pangga et al., 2000). The observation of less 
cellulose and more lignin in brittle compared to non-brittle varieties is consistent with the available 
literature on brittle mutants of rice (Sharma et al., 1986; Kurata et al., 2005) and barley (Kokubo et al., 
1991). 
 The overall effect of these biochemical differences on decomposition rate is difficult to predict, 
because some of the measured variables are expected to have opposite effects. Since lignin and cellulose 
are more recalcitrant forms of C in plant tissue materials compared with soluble C compounds (sugars, 
organic acids, proteins), high contents of lignin and cellulose have frequently been observed to cause 
slower decomposition (Melillo et al.,1982; Tian et al., 1992; Gunnarsson and Marstorp, 2002).  In the 
study, the brittle mutant had higher lignin and lower cellulose than the non-brittle straw (Table 2.2.1). 
Higher lignin would be expected to result in slower decomposition; lower cellulose in faster decomposition. 
Studies that have compared the relative usefulness of lignin vs. cellulose at predicting decomposition rates 
have come to different conclusions, with one or the other factor having slightly more significant negative 
correlation with a measurement of decomposition rate such as C mineralization or N immobilization (Rahn 
et al., 2003; Sariyildiz and Anderson,2003). Since ADF represents the sum of lignin, cellulose, and ash, it 
might be expected to be a good predictor of decomposition rate if lignin- and cellulose-based predictions 
differ.  In this study, brittle straw had lower ADF, reflecting the larger difference between cellulose than 
between lignin contents, since the two factors had opposite contributions to ADF (Table 2.2.1). Since the 
two straw types had the same total amount of C, with a smaller portion of it bound up in lignin+cellulose in 
the brittle mutant, the brittle mutant would be expected to decompose more rapidly as measured by C 
mineralization and mass loss.  C/N ratio of residues has been shown to affect decomposition rate when N 
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Figure 2.2.3. Gas flux from soil surface over time after incorporation of brittleand non-brittle rice straw, 
after subtraction of the gas coming from the soilas measured in the no straw control treatment: (A) total 
gaseous C (CO2-C+CH4-C); (B) CO2-C; (C) CH4-C. ANOVA with repeated measure revealed significant 
treatment and time effects in all three charts (P<0.0001). 
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is limiting in the soil. Lower C/N ratios indicate higher N in plant tissue, resulting in less N limitation to 
microbial activity, and therefore faster decomposition (Vigil and Kissel, 1991). The observed slightly lower 
C/N ratio of brittle straw compared to non-brittle in the current study (Table 2.2.1) would therefore be 
expected to result in faster decomposition of the brittle straw when soil N is limited, meaning less N 
immobilization, or at least shorter-duration N immobilization.  C/N ratio and forms of C (e.g. cellulose and 
lignin content) have been shown to have related effects on decomposition rate, as demonstrated by different 
correlations between decomposition and lignin-C/N than between decomposition and total-C/N (Vigil and 
Kissel, 1991; Kayhanian and Tchobanoglous, 1992), and by observations that the effects of cellulose 
content on N mineralization from low C/N residues only became significant after N became limiting later 
in the decomposition process (Bendinget al., 1998). A possible implication of this interaction for the 
current study is that since the biggest biochemical difference between the straw types is cellulose content, 
indicating that the C in the brittle straw is probably much more readily available for decomposition than in 
the non brittle straw, decomposition might be expected to occur much more rapidly initially, resulting also 
in greater initial N immobilization rather than less as predicted by the lower C/N ratio of the brittle mutant. 
 
Redox potential 
Straw incorporation caused a decrease in redox potential, with an increase in available Fe (Figure 
2.2.2), as anticipated (Beye et al., 1978). Since the drop in redox potential associated with straw 
incorporation in flooded soils is a result of enhanced anaerobic microbial activity resulting from the 
presence of the straw C source (Kirk, 2004), a difference in redox potential between the two straw varieties 
would indicate a difference in the level of microbial activity, possibly caused by differences in C 
accessibility in the different types of straw. 
 There is some evidence from Fe availability that the brittle straw may have caused a more rapid 
early decrease in redox potential compared to the non-brittle straw (Figure 2.2.2B), but the difference no 
longer existed by the third day after incorporation (Figure 2.2.2A). There is therefore no strong evidence 
from redox potential or Fe availability that there was a difference in microbial population growth rate (i.e. 
decomposition rate) between the two straw types. The observed lack of difference in redox potential 
between the two straw treatments does not, however, eliminate the possibility of differing decomposition 
rates between the two straw types, since redox potential is buffered in soil by the Fe3+/Fe2+ redox couple: 
Fe(OH)3—Fe
2+(aq) (Kirk, 2004).  It is possible that microbial activity and decomposition rate as defined by 
C loss were different between the two straw types, but that this difference did not cause a change in the 
redox potential because the supply of Fe3+ had not yet been depleted. 
 
Carbon dioxide and methane production 
 The observation of greater methane, carbon dioxide, and total C (CH4-C+CO2-C) production rates 
for brittle than non-brittle straw throughout the first 22 days after incorporation (Figure 2.2.3) indicated that 
the brittle straw was decomposing more rapidly during that period. Gunnarsson and Marstorp (2002) also 
found that plant materials with low cellulose released more C in the first 5 days than materials higher in 
cellulose. The decrease in gas production rate in this study by 20 DAI indicated that the initial period of 
rapid decomposition was nearly finished by the time the experiment ended (Figure 2.2.3). Total C  
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mineralization of 28% and 51% for non-brittle and brittle straw, respectively (Figure 2.2.4), was within the 
range predicted from the literature for decomposition of various plant tissues under aerobic or anaerobic 
conditions (DeveÃvre and HorwaÂth, 2000; Wang et al., 2004).Both carbon dioxide and methane are 
greenhouse gases with global warming potential, but carbon dioxide from decomposing plant matter is not 
usually included in global C cycle calculations because C in plants comes originally via photosynthesis 
from carbon dioxide in the air, so that releasing plant C back into the air again as carbon dioxide is a 
neutral C exchange (Lin et al., 1997). Methane has higher global warming potential than carbon dioxide 
and is not recycled in living systems, so its production during anaerobic decomposition contributes to 
higher ambient greenhouse gas concentrations. Crop residue management practices which shift methane 
production to a shorter time period have no overall effect on greenhouse gas balances, but practices which 
produce more total methane are detrimental to the environment. Results showed that incorporation of brittle 
straw in an anaerobic system increased total methane production (Figure 2.2.4). If use of brittle straw 
would be beneficial to the cropping system overall, the methane production problem could be mitigated by 
altering water management, such as using mid-season drainage or intermittent irrigation to make the field 
more oxidized (Bronson et al., 1997; Cai et al., 2003). 
 
Nutrient dynamics 
 The decrease in NH4
+-N availability immediately after straw incorporation (Figure 2.2.5A) is 
indicative of microbially mediated N immobilization (Christensen, 1986), but in this study, there was also a 
decrease in NH4
+-N availability in the 0-straw control, perhaps indicating N immobilization due to 
decomposition of soil organic matter. There were no fertilizers added or plants grown in the soil in this 
study, and algal growth was prevented, all of which minimized the complexity of N dynamics. The brittle 
straw showed consistently lower NH4
+-N availability compared to the non-brittle straw throughout the 
experiment, but the difference was statistically significant (P<0.05) only during the fourth week. This 
difference in N immobilization between the straw types is consistent with faster decomposition of brittle 
straw, based on C loss. However, by the end of the fourth week, neither straw treatment had yet reached the 
phase of decomposition during which N is remineralized, as would be indicated by an increase in available 
NH4
+-N. It is possible that N availability after mineralization may have increased faster in the case of brittle 
straw than regular straw, but that trend was undetectable in the time frame of this experiment. In the 
experiment, there was no demonstrated advantage of rapid decomposition of brittle straw in terms of 
shortening the time of the N immobilization period prior to the transplanting of the subsequent crop.  
Available P was expected to increase over time as the soil became more reduced, due to release of P from 
iron oxides during reductive dissolution (Kirk, 2004).While there was more P available in the more reduced 
treatments by the fourth week of the experiment (Figure 2.2.5B), P availability had not increased over time 
after the soils became reduced. Rather, the P availability in the control treatment decreased over time, while 
remaining the same in the two straw treatments, indicating possible P sorption in the control treatment. The 
observation that there was no significant difference in P availability between straw types indicates that the 
brittle straw has no advantage or disadvantage over the regular straw in terms of P supply to plants.  
Potassium was more available with straw than without (Figure 2.2.5C), as expected because crop residues 
release large amounts of soluble K very quickly after incorporation, with no microbial transformation  
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Figure 2.2.5. Resin-extractable nutrients in soil at 7.5-cm depth over time after incorporation of brittle or 
non-brittle straw compared to a 0-straw control: (A) ammonium-N; (B) phosphorus; (C) potassium. 
ANOVA with repeated measure revealed significant effects of treatment and time (P<0.05) for all three 
charts. Within a sampling time, different letters represent significant differences by LSD (0.05). Error bars 
indicate standard deviation (N= 4). 
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involved (Yadvinder-Singh et al., 2005). For most of the experiment, there were no significant differences 
(P<0.05) between the amounts of K released from the two straw types, which is unsurprising since the K 
content of the two types of straw was the same(data not shown), and since timing of K release is not 
expected to be dependent upon differences in decomposition processes. 
 
Organic acid production 
 
The most important organic acid result of this study was the very consistent, large difference in organic 
acid production between straw types (Figure.2.2.6). The organic acid difference was consistent with the 
trends in the amount of C released as CO2 and CH4 from the two straw types (Figures.2.2.3 and 2.2.4). 
Since OA are intermediates in the anaerobic decomposition process that eventually results in CH4 release 
(Acharya, 1935), it is logical that the straw with greater CH4 release would also exhibit greater OA 
production. The observation of greater OA production by brittle than non-brittle straw therefore supports 
the conclusion that brittle straw decomposes faster; that more total C is released from brittle straw than 
from non-brittle in the first two weeks after incorporation. There was no observed difference, however, 
between the time of peak OA production for brittle vs. non-brittle straw (Figure 2.2.6), and for both straw 
types, OA concentration in soil solution dropped to nearly zero after 15 DAI. The implication of these 
observations for residue management in rice cropping systems is that brittle straw incorporation is more 
likely than non-brittle straw to result in OA toxicity to young rice seedlings during the first 15 DAI. 
Although no conclusions can be drawn from this experiment about the likelihood of these OA levels to 
hinder plant growth under field conditions, the danger of phytotoxicity is greater as OA concentration 
increases (Rao and Mikkelsen, 1977a). The highest OA concentrations observed in the brittle straw 
treatments of this study (approximately 3000, 1500, and 1000mM for propionic, acetic, and butyric acids, 
respectively) were much greater than those which have previously been shown to hinder seedling growth in 
nutrient solutions (5 and 10mM) (Rao and Mikkelsen, 1977a).The observed effect of depth on OA 
concentration isunsurprising, since OA are formed under anaerobic conditions, and usually soils are more 
anaerobic at greater depth. The depth that is most important to plant growth would depend on rooting depth 
as it changes by growth stage. Differences in OA concentration in soil solution with depth and time 
demonstrate the need to carefully plan OA sampling to meet experimental objectives. 
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Figure 2.2.6. Organic acid concentration in soil solution over time after straw incorporation, at 5- or 10-cm 
depth. ANOVA with repeated measure revealed significant differences between straw treatments for each 
acid at each depth (P<0.0001). Error bars indicate standard error of the mean (N = 4). 
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2.2.5. Conclusion 
 
 In intensive cropping systems, there is potential for improving residue management practices by 
hastening decomposition of incorporated residues during short fallowperiods between crops. Faster 
decomposition may encourage farmers to incorporate rather than burn residues by hastening nutrient 
release and minimizing the temporary problems associated with residue incorporation. Section 2.2 
demonstrated that brittle mutant rice straw decomposed more rapidly than its non-brittle counterpart during 
the first 3 weeks following incorporation into flooded soil, but this rapid anaerobic decomposition also 
intensified environmentally harmful methane and potentially phytotoxic organic acid production. These 
negative effects of rapid decomposition could be mitigated by managing irrigation to increase soil aeration 
after straw incorporation, thereby increasing soil redox potential above the level at which methane and the 
intermediate organic acids are formed (Bronson et al., 1997; Cai et al., 2003). One important potential 
advantage to rapid decomposition of incorporated residues during short fallow periods is the release of 
residue N into the soil. With more rapid decomposition, the time of N immobilization and mineralization 
should be shortened, making residue N more available to the new crop at an earlier time. The results of this 
study did not show differences in N mineralization pattern between brittle and non-brittle straw, 
presumably due in part to the short time frame of the study. Further research is needed to assess plant 
uptake of N released from the two types of straw, as well as to determine the effects of irrigation 
management on N loss during the nitrification-denitrification cycles occurring when the soil is alternately 
wet and dried. The results of this study demonstrated that anaerobic decomposition of rice straw 
incorporated into flooded soil could be hastened by using a brittle stem mutant, and suggested that fertilizer 
and water management could be optimized to maximize positive and minimize detrimental effects of rapid 
decomposition, resulting in more rapid turn around time between crops. 
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2.3 Study 3: Faster residue decomposition of brittle stem rice mutant due to finer breakage during 
threshing 
 
2.3.1  Introduction 
 
 Biochemical composition of rice straw was found to significantly affect the decomposition process 
in the previous study. Although brittle straw decomposed faster, both organic acids and greenhouse gases 
(CO2 and CH4) were increased. These decomposition products were found to decrease to minimal levels in 
the soil after 2-3 weeks. Because of the short fallow time in some double and triple-cropped rice systems, 
often 3 weeks or less, it is important to be able to manage crop residues so that the negative short-term 
decomposition effects are finished prior to transplanting of rice seedlings. Any approach to decrease the 
time required for anaerobic residue decomposition in flooded soils would be potentially advantageous 
agronomically and environmentally by allowing faster turnaround time between crops without resorting to 
disposal of residue by burning it in the field.   
 In some intensive tropical and sub-tropical rice (Oryza sativa L.) cropping systems in Asia, other 
options for residue management include incorporation of straw into the soil during land preparation for the 
next crop, placement on the soil surface as mulch in minimum tillage systems, or removal for off-field use. 
Although residue retention is generally considered to be beneficial for long-term soil fertility (Kumar and 
Goh, 2000), incorporation of straw in flooded rice paddy soil can cause short-term agronomic and 
environmental problems such as nitrogen immobilization (Kumar and Goh, 2003) and production of 
methane gas (DeveÃvre and HorwaÂth, 2000). On the other hand, rice straw remaining on the surface as 
mulch can inhibit seeding machinery in subsequent tillage operations (Yadvinder-Singh et al., 2005).  
Residue management alternatives and straw characteristics that hasten decomposition during fallow or in 
the early part of the cropping season would therefore be advantageous for straw incorporation or mulching. 
Management alternatives that are often unprofitable but nevertheless expected to enhance residue 
decomposition include maintaining close residue-soil contact (Henriksen and Breland, 2002) via pre-fallow 
incorporation, maintaining sufficient moisture (DeveÃvre and HorwaÂth, 2000) with irrigation if 
necessary, adding a nitrogen source to help bacteria overcome relatively wide C/N ratios in straw (Debnath 
and Sinha, 1993), and chopping the residue into small pieces to create large surface area for microbial 
activity (Angers and Recous, 1997).  
 Straw characteristics that speed residue decomposition include low lignin content, low cellulose 
content, and low C/N ratio (Tian et al., 1992; Gunnarsson and Marstorp, 2002). The use of crop residue 
biomass as feedstock for biofuel production is becoming an increasingly popular off-field residue 
management option. Desirable biochemical characteristics for improving the biomass fuel value of straw 
include low K, Cl, S, and total ash, because these parameters contribute to slagging or fouling in several 
different thermal conversion systems (Bakker and Jenkins, 2003). Almost all of these systems require 
chopping, grinding, or compressing the straw prior to storage and combustion, meaning that it is favorable 
for the straw to be brittle, as indicated by low tensile and/or shear strength (Kronbergs, 2000). Harvesting 
and threshing methods are very important in determining the utility of the straw by-product, and they vary 
across Asia according to straw yield, labor constraints and intended straw use (Saunders et al., 1980). 
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Manual and semi-mechanized methods are preferred where farmers harvest at ground level and save straw 
for animal fodder or other off-field uses. Fully mechanized methods are preferred in areas with high straw 
yield and few alternative straw uses, and rice is often cut 20–50 cm above ground level, with only the top 
part thrown into the threshing machine. These mechanized methods leave taller standing stubble in the 
main part of the field in addition to a straw pile consisting of the upper portions of the stems and leaves at 
the side of the field where threshing occurs. A brittle mutant of IR68 rice was developed by chemically 
induced mutation as part of a genetics program (Singh et al., 1994), with no intended focus on enhancing 
agronomic function. Due to its higher content of easily decomposable forms of carbon, it decomposed 
faster under anaerobic conditions than did its non-brittle counterpart (Johnson et al., 2006). Its lower 
cellulose and higher ash contents predict lower effectiveness as a biofuel feedstock. After observing its 
characteristic brittleness in the greenhouse, it was hypothesized that it would break into smaller pieces than 
the non-brittle phenotype during harvest and threshing, resulting in even faster decomposition under field 
conditions than could be expected due to biochemical composition differences alone. The objectives of this 
study were to determine if brittle and non-brittle straw types break into different piece sizes during 
threshing, and to assess the effects of straw particle size differences (influenced by known biochemical 
composition differences) on decomposition rate. The hypotheses were that brittle straw would break into 
smaller pieces, and that smaller pieces would decompose faster, possibly enhanced by brittle straw’s higher 
easily ecomposable C content. 
 
2.3.2  Materials and methods 
 
Plant and soil materials 
 The rice straw used in these experiments was of the variety IR68 (non-brittle) and its brittle 
mutant. The brittle culm phenotype was developed as part of a linkage mapping genetics program through 
ethylmethyl sulfonate (EMS)-induced mutation (Singh et al., 1994). Both varieties were grown for two 
seasons, dry season 2003 and wet season 2004, in an unreplicated seed multiplication and straw production 
trial on the experimental farm (specifically, block D12) of the International Rice Research Institute (IRRI) 
in Los Banos, Laguna, Philippines (latitude: 14o09’53”N, longitude: 120o15’14”E, 21 m elevation). The 
straw was sampled both seasons after harvest for biochemical characterization. Results of this biochemical 
characterization are reported in earlier study (Johnson et al., 2006). The straw from dry season 2003 was 
used for the litter bag experiment, while for convenience the straw from wet season 2004 was used for the 
threshing experiment, as described below. The biochemical content between the two seasons was similar. 
The litter bag study was also conducted in D12 block of the IRRI experimental farm. The soil was an 
Aquandic Epiaquoll (Dobermann et al., 2000). It had 0.23% N, 2.3% organic C, 80 mg bicarbonate-
extractable P kg-1 soil, and pH 6.3. Its texture was classified as a clay loam, with 30% clay, 41% silt, and 
29% sand. Baseline soil characterization procedures are described in detail in Johnson et al. (2006).  
 
Threshing experiment 
 Twenty subsamples each containing 12 hills (rice plant units consisting of 3–4 seedlings that were 
transplanted in the same hole then merged during tillering phase) were harvested from randomized 
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locations within each variety for the threshing experiment. Sixteen of these subsamples of each straw type 
were harvested at the soil surface for comparison of threshing methods on whole plants, and four 
subsamples were harvested approximately 50 cm above the surface, as is typical farmer practice in the 
Philippines when axial flow threshing machines are used. There were five threshing treatments with four 
replicates each: (a) unthreshed control, in which panicles from full length plants were carefully removed by 
hand to minimize breakage of straw, followed by manual separation of stems from leaves; (b) hand 
threshing, in which the bundle of 12 hills from full-length plants was held by hand and beat across a board 
by swinging overhead; (c) pedal threshing, in which each bundle from full-length plants was fed into a 
foot-operated threshing machine; (d) axial flow threshing with whole straw, in which the full-length plants 
were fed into an axial flow threshing machine (IRRI TH-8, Los Banos, Philippines) for comparison with 
threshing of full length straw by other methods; and (e) axial flow threshing with the top 40% by weight of 
the straw after harvest at approximately 50 cm above the soil surface, as is typical farmer practice. After 
threshing, all the straw pieces from the output of each thresher were separated into stems and leaves, and 
then grouped into piles according to length categories (0–5, 5–10, 10–20, 20–30, 30–40, and >40 cm). The 
total weight of straw in each size category was measured after oven drying at 70oC.  
 
Litter bag experiment  
 Straw from both rice varieties was air-dried and cut by hand into pieces with length of 1, 5, or 10 
cm, with leaves and stems separated. Ten grams of straw (5 g stems + 5 g leaves) was placed into each 10- 
by 20-cm mesh bag (mesh size 1.5 mm2). Bags were placed in the field in a randomized complete block 
design with four replicates of four factors: straw type (brittle and nonbrittle), straw piece length (1, 5, and 
10 cm), depth of litter bag placement (on top of soil surface under 5-cm floodwater and at 15-cm depth in 
soil). Destructive samples were taken at 2, 4, 8, and 10 weeks. There were 192 total litter bags. Straw dry 
weight in each bag was measured after room temperature drying and before field placement. Water content 
of air-dried straw was measured and used to correct air-dry weights (time 0) to oven-dry weights. Upon 
removal from the field, each bag was rinsed with purified water to remove soil particles, oven dried in a 
70oC oven for 3 days, and weighed. A 1-g subsample was ashed and used to correct straw weight for soil 
contamination (Schuman and Belden, 1991), and the remainder of the straw was ground to powder with a 
ball mill grinder (Vibrating Sample Mill Model TI-100, CMT Co. Ltd., Tokyo, Japan), followed by 
analysis for total C and N at IRRI’s Analytical Services Laboratory by combustion in an elemental analyzer 
(Europa Scientific Roboprep Carbon Nitrogen Analyzer, Middlewich, Cheshire, UK). 
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Figure 2.3.1. Size distribution of stems and leaves of brittle and non-brittle straw after threshing by 
different methods: (a) unthreshed control (panicles removed by hand); (b) hand threshed; (c) threshed with 
pedal threshing machine; and threshed with axial flow threshing machine using (d) whole straw after 
harvest at soil surface and (e) upper 40% of plant after hand harvesting about 50 cm above soil surface. 
Each stack represents the average distribution of four replicate threshing batches. 
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Statistical analysis  
 For the threshing and litter bag data, CropStat 6.1 (International Rice Research Institute, Los 
Ban˜os, Philippines) was used to perform a balanced analysis of variance, after confirming normal 
distribution. In the litterbag experiment, no repeated measures adjustment was necessary, because the 
sampling times were fully randomized for the destructive treatments. 
 
2.3.3  Results and discussion 
 
Effect of threshing 
 
 The brittle mutant straw broke into smaller pieces than the non-brittle straw during threshing by 
each of the four threshing method variations (Figure 2.3.1). The unthreshed control treatment also 
contained a higher percentage of long pieces of non-brittle straw, reflecting differences in plant height 
between the two plant types. Average plant height measured in the field at harvest was 111 + 3 cm for non-
brittle and 91 +6 cm for brittle plants. The average stem:leaf weight distribution after threshing was around 
2.8 (Table 2.3.1) for both straw types with methods (a) through (d). Because there was no significant 
difference between straw types in the relative amounts of stems and leaves, the straw type particle size 
differences in Figure 2.3.1 can be compared directly. Using only the top 40% (method (e)), there was a 
larger proportion of leaves relative to stems. As expected, output particle size decreased as threshing speed 
increased from hand flailing to man-powered pedal  threshing to fuel-driven machine threshing (Saunders 
et al., 1980). Method (e) resulted in the smallest stem pieces due to the shorter input straw harvested from 
only the top portion of the plant. Considering the higher proportion of leaves in the output of this threshing 
method compared to the other methods (Table 2.3.1), the observed leaf particle size differences between 
straw types should be weighted more heavily for method (e) than for the other methods. Because the straw 
type difference was much greater for leaves than stems and because leaves were relatively important in 
method (e), it can be concluded that the overall impact of brittleness on particle size was greatest with fully 
mechanized threshing. This experiment quantified and confirmed the observation and hypothesis made 
during inspection of the brittle stem mutant: because of its characteristic brittleness, the straw from the 
mutant breaks into smaller pieces during the threshing process than the non-brittle straw, regardless of 
threshing method. These smaller piece sizes would likely be beneficial for straw chopping and densification 
for biofuel use (Kronbergs, 2000), but detrimental for bale formation or for some other off-field uses such 
as roof thatch or animal bedding.  
 
Straw decomposition 
 
 In the litter bag study, smaller straw pieces decomposed significantly faster than larger ones (P < 
0.05), but there was no significant effect of straw type on the rate of litter disappearance from the bags 
(Figure 2.3.2). The change in C/N ratio over time also indicated more rapid decomposition of smaller 
particles compared with larger ones (Figure 2.3.3), since a lower C/N ratio indicates that decomposition is 
occurring faster because N is less limiting (Kumar and Goh, 2003). There was a significantly lower C/N 
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ratio in brittle straw than non-brittle (Figure 2.3.3), but this may have been due to differences in initial C/N 
ratio (Johnson et al., 2006) in addition to differences in decomposition rate. Piece size effects on 
decomposition rate have been attributed to greater N accessibility to decomposers (Angers and Recous, 
1997). In the current study, straw of all sizes and types decomposed significantly faster (P < 0.05) when 
buried than when left on the soil surface underneath the floodwater (Figure 2.3.2), most likely because of 
greater contact with the decomposers in the soil (Henriksen and Breland, 2002). 
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Figure 2.3.2. Amount of straw of different initial 
piece sizes remaining over time in litterbags 
placed (a) on the surface of the soil or (b) at 15-
cm depth. ANOVA revealed significant effects of 
size and depth (P<0.05) but straw type, so the two 
straw types were averaged together. Each data 
point is the mean of 8 observations. Standard 
error (SE) is 3.03 (162 df and N=8) 
Figure 2.3.3. The C/N ration of (a) non-brittle 
and (b) brittle straw collected from the 
litterbags over time. ANOVA revealed 
significant effects of straw type and size 
(P<0.05) but depth, so the two depths were 
averaged together. Each data point is the mean 
of 8 observations. Standard error (SE) is 1.57 
(160 df and N=8) 
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2.3.4  Conclusion 
 
Section 2.3 of this chapter demonstrated that brittle straw broke into finer pieces than non-brittle straw 
during threshing, and that finer pieces tended to decompose faster. The earlier study had already shown that 
the biochemical differences between the two straw types caused faster short term decomposition of the 
brittle mutant (Johnson et al., 2006), and this current study indicates that the finer breakage of brittle straw 
during field operations is likely to enhance and perhaps overshadow the biochemical differences. This 
tendency to break into smaller pieces may also be an advantageous trait for some steps in biofuel 
production processes. It was concluded that under field conditions, brittle straw would be likely to 
decompose faster than non-brittle, making it easier to move seeding machinery through it in a no-till 
system, or allowing earlier transplanting of the subsequent crop if incorporated prior to transplanting. In 
order to make use of these agronomic advantages of stem brittleness, the brittle stem trait could be added to 
high-yielding varieties, or existing varieties could be screened for straw breakage and the rate of straw 
decomposition. Rice straw material with brittleness quality will be most suitable for shallow incorporation 
at earliest time possible before (at least 21-10 days) the start of the season. 
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2.4  Summary 
 
Because there are several studies included in Chapter II, a summary is hereby provided to give an 
overview on the 3 studies included. This chapter integrated previous studies done on rice residues 
incorporated into paddy soils under greenhouse conditions where degradation products, nutrients, and 
greenhouse gases were measured and compared. It demonstrated that rice straw residue not only serves as a 
source of nutrient but also of greenhouse gases (CO2, CH4) in paddy soils. The experiments established a 
non-destructive soil solution sampling method for straw degradation products (organic acids), monitored 
straw decomposition process, and identified factors affecting straw residue decomposition. Together with 
gas chromatography (GC) analysis on end-products (CO2 and CH4), the rate and timing of rice straw 
decomposition was determined which offered insights on the substrates present at specific time. Aside from 
the prevailing soil conditions, the composition of the straw (C:N ratio), size of straw after threshing, and 
depth of incorporation were found to affect the rate of decomposition. The chapter also demonstrated that 
brittle mutant rice straw decomposed more rapidly than its non-brittle counterpart during the first 3 weeks 
following incorporation into flooded soil, but this rapid anaerobic decomposition also intensified 
environmentally harmful methane and potentially phytotoxic organic acid production. These negative 
effects of rapid decomposition could be mitigated by managing irrigation to increase soil aeration after 
straw incorporation to prevent methane and organic acids from forming (Bronson et al., 1997; Cai et al., 
2003).  
There is potential for improving residue management practices by shortening the decomposition of 
incorporated residues during short fallow periods between crops. With this approach, nutrients coming 
from the straw will be more available for the subsequent crop and nutrient immobilization in the soil could 
be shortened. Findings implied that the rice straw residues should be incorporated early with at least 21-25 
days before transplanting or wet seeding; at most 10 cm soil depth; and with around -10 kPa soil water 
potential (or rainfed). These conditions could potentially hasten the straw decomposition process, minimize 
organic acid levels in the paddies during seedling stage, and minimize CH4 production during fallow and 
land preparation. However, further research is needed to assess plant uptake of N released from the two 
types of straw, as well as to determine the effects of irrigation management on N loss during the 
nitrification-denitrification cycles and C-release occurring when the soil is alternately wet and dried. This 
was explored in the next chapter where water management was evaluated on its potential to maximize 
positive and minimize detrimental effects of rapid decomposition, resulting in more rapid turn around time 
between crops. 
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CHAPTER III 
Simultaneous minimization of nitrous oxide and methane emission from rice paddy soils is 
improbable due to redox potential changes with depth in a greenhouse experiment without plants 
 
3.1  Introduction 
 
 Determined from the Chapter II were the timing at which early decomposition products of rice 
straw is produced, the decrease in the amount of these products with increased CO2 and CH4 production, 
and the potential timing at which straw may be incorporated to avoid its detrimental effects on the crop. It 
was also established that the physical vulnerability of the rice straw to break into smaller pieces has greater 
impact on the decomposition process than its biochemical composition.  However, the kind of straw 
decomposition products and the rate at which these are produced depend mainly on the prevailing soil 
moisture in the paddy. In the presence of straw residues, flooded condition in paddy soil creates highly 
anaerobic conditions which are favorable to organic acid and CH4 production while aerobic conditions 
favors CO2 production. Water management is a major factor which can control these conditions (Bronson 
et al. 2001).  
 Three of the environmental challenges associated with flooded rice cropping systems are the use 
of large amounts of water for irrigation, management of increasing quantities of crop residue, and emission 
of greenhouse gases. Water scarcity is a problem in areas with increasing urban competition for water used 
for irrigation. To address the agronomic challenge of water scarcity in some rice-growing areas in Asia, 
field experiments were carried out to identify irrigation strategies that would allow rice farmers to minimize 
water use while still maintaining high grain yield (Belder et al., 2004; Belder et al., 2005). After multi-site 
field trials in China and the Philippines, the authors concluded that “safe alternate wetting and drying 
(AWD)” management (i.e. with safe yields) could be achieved by conventional puddling and flooding the 
soil at the time of rice transplanting, and then allowing the water during the growing season to drain below 
the surface until the soil water potential reached -10 kPa before re-reflooding (Bouman et al., 2007). 
 Greenhouse gas emissions from rice fields have been measured by many researchers in trials 
designed to test effects of N fertilization, water management, or residue management on emission of 
methane (CH4) or nitrous oxide (N2O). Consistent trends from this body of literature indicate: 1) CH4 
emission is mitigated by water management treatments that decrease the length of flooding time, such as 
mid-season drainage (Yagi et al., 1996; Bronson et al., 1997a; Cai et al., 1997; Wassmann et al., 2000); 2) 
CH4 emission is exacerbated by incorporation of rice straw or other organic amendments (Yagi et al., 1996; 
Bronson et al., 1997a; Wassmann et al., 2000); and 3) N2O emission occurs most prominently when 
floodwater disappears and is exacerbated by fertilizer N application (Yagi et al., 1996; Bronson et al., 
1997a; Cai et al., 1997). Hou et al. (2000) observed an inverse relationship between CH4 and N2O emission 
during the cropping season in a rice paddy with CH4 emissions occurring under strongly reduced conditions 
and N2O emissions occurring under more oxidized conditions. Experiments with homogenized soil in a 
microcosm were used to identify a “healthy redox potential” range within which the production of both 
gases was minimized (Yu et al., 2001; Yu and Patrick, 2003; Yu and Patrick, 2004). With some variation 
according to soil pH, organic matter content, and sulfur content, the critical values surrounding the healthy 
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range were -150 mV, below which CH4 is formed, and +180 mV, above which N2O was formed via 
nitrification-denitrification. The authors of the field and microcosm studies hypothesized that emission of 
both greenhouse gases would simultaneously be minimized—mitigating the overall global warming 
potential of rice production—if rice soils could be managed to maintain this healthy redox potential range. 
 A depth gradient of redox potential in flooded soils has often been observed, in which the 1-2 cm 
of soil closest to the surface is oxidized, while the soil deeper than 2 cm is more reduced (Patrick and 
DeLaune, 1972; Kirk, 2004). Any flooded soil therefore has multiple redox potentials simultaneously at 
different depths. While the healthy redox work identified which redox potentials are important for 
greenhouse gas production, it is not clear which depths are most relevant to their emission from the soil 
surface. The surface layer redox potential is likely to be relevant, since any gas produced there can easily 
escape into the atmosphere. Deeper layers might also be relevant, as CH4 may be transported from rooting 
depth to the atmosphere through rice plants (Nouchi et al., 1990; Kludze et al., 1993) and via ebullition 
(Schütz et al., 1989). It is therefore possible that the surface would be sufficiently oxidized for N2O 
emission while the subsurface would simultaneously be sufficiently reduced for CH4 emission. 
 Greenhouse gas emissions in the succeeding study were not measured in the “safe AWD” field 
experiments, but the hypothesis based on the field observations of gas emissions from other rice 
experiments (Bronson et al., 1997a; Cai et al., 1997; Wassmann et al., 2000) was that the multiple water 
cycles of the safe AWD irrigation strategy might provide the appropriate water management necessary to 
keep the soil redox potential in the healthy range at relevant soil depths. Since added organic C is known to 
cause soils to become more reduced more quickly and to provide a substrate for methanogenesis (Yagi and 
Minami, 1990), the hypothesis was that incorporation of crop residue would increase the danger of CH4 
emission, making it more difficult to maintain the healthy redox potentials. The objectives were: 1) to test if 
it was possible to manage soil in pots so that both redox potentials—surface and rooting depth—stayed 
within a “healthy redox” range, 2) to compare the alternate wetting and drying (AWD) paddy field 
irrigation technique with continuous flooding in terms of redox potential and greenhouse gas emission, and 
3) to test the effect of crop residue incorporation on the ability to achieve minimum greenhouse gas 
emission through water management. 
 
3.2  Materials and Methods 
 
Soil and straw 
 
 The soil used in these experiments was an Aquandic Epiaquoll (Dobermann et al., 2000) taken 
from the D12 block of the experimental farm of the International Rice Research Institute (IRRI) in Los 
Baños, Laguna, Philippines (latitude: 14o09’53’’N, longitude: 120o15’14’’E, 21 m elevation). The area had 
been under lowland rice cultivation for at least 8 seasons. The top 20-cm layer from the field soil after 
puddling was removed and transferred to individual pots following removal of non-soil debris and 
homogenization by hand mixing in a large trough. Soil was not air-dried during the homogenization 
procedure, but the soil became more oxidized during the mixing process, which was done at 30-35 ºC air 
temperature at 65-70% relative humidity. When the soil was placed in the pots and flooded at the initiation 
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of all experimental treatments, there was a decrease in redox potential. After air-drying, a sub-sample was 
analyzed for texture (Gee and Bauder, 1986), Kjeldahl N (Bremner, 1996), organic C (Walkey and Black, 
1934), and available P (Olsen et al., 1954). Resulting soil characterization indicated a clay loam (30% clay, 
41% silt, 29% sand) of pH 6.3, containing 0.23% total N, 2.3 % organic C, and 80 mg kg-1 bicarbonate-
extractable P. No fertilizer was used in this experiment. 
 The rice straw used was air-dried residue of rice variety IR 72, collected during harvest at 
maturity. The straw was separated into two groups, leaves and stems, and cut to 5-cm length with scissors. 
Three sub-samples of each group were removed and oven-dried to adjust for water content when computing 
the amount of straw needed, but the straw used in the experiment was not oven-dried. The total amount of 
straw per pot (5 t ha-1 or 25 g pot-1 dry weight equivalent) was made up of 50% stems and 50% leaves. This 
amount represented the middle of the range (2 to 10 t ha-1) of residue return in lowland rice fields. 
 
Experimental design 
 
 The experiment was conducted in cylindrical porcelain pots containing 10 kg of air-dried 
equivalent soil (Figure 3.1). Each pot was equipped with a drainage port about 3 cm from the bottom 
covered with glass wool and acid-washed silica sand to prevent clogging, which was controlled via a clamp 
on the attached Tygon® tubing. The experiment was set up in a full 3x2 factorial randomized complete 
block design with 4 replicates. The water management factor had three levels: 1) continuous flooding (CF), 
in which water depth was maintained at 3 cm above the soil surface for the duration of the experiment, 2) 
safe alternate wetting and drying (AWD), in which the pots were initially flooded to 3 ±0.3 cm, then 
allowed to drain until the 17.5-cm depth soil water potential (SWP) was -10 kPa, then flooded again to 3 
cm, etc., and 3) healthy redox (HR), in which the daily redox potential readings were used to determine the 
irrigation schedule (Minamikawa and Sakai, 2007), keeping the pots flooded to 1 ±0.3 cm above the 
surface until the 7.5-cm redox potential reached -150 mV, and then allowing them to drain until the 2-cm 
redox potential got above +180 mV, and then re-irrigating to 1 cm, etc. During drainage periods, the 
percolation rate was about 1 cm d-1. Management strategies resulted in 3 irrigations during the 7-week 
experiment for AWD, and 12 irrigations for the healthy redox treatment. 
 Residue management had two levels: 1) no residue incorporated (“-straw”), and 2) rice straw 
incorporated at a rate of 5 t ha-1 (“+straw”). The four blocks were set up in the greenhouse perpendicular to 
a light gradient caused by the movement of the sun.Time “0” was the day on which the pre-reduced and 
homogenized soil was placed in individual pots. For the +straw treatments, the straw was incorporated 
during this process. The pots were flooded for the first time on day 0 as appropriate according to their water 
treatment. The experiment ran for 50 days, until four AWD cycles were complete and the straw was mostly 
decomposed. 
 
Redox potential and soil water potential measurements 
 
 Each pot contained six permanently-installed platinum electrodes for redox measurement, placed 
in three pairs at each of two depths (2 and 7.5 cm), and horizontally distributed around the perimeter about 
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1 cm in from the walls (Figure 3.1). The depths were chosen to represent near-surface and root-zone 
depths, respectively (Patrick and DeLaune, 1972). The soil redox potential was measured daily from 0700-
0900 h in all pots, against an Ag/AgCl reference electrode at a soil temperature of 30 ±2 ºC, and then 
corrected the readings to the standard hydrogen electrode reference at 25 ºC by adding 197 mV (PCRA, 
2007). 
 Soil water potential was measured daily by dial-type tensiometer (Jet Fill Model 2725, Soil 
Moisture Equipment Corp., Goleta, California), with one tensiometer permanently installed at 7.5-cm depth 
(with 5-cm ceramic cup extending from 5 to 10 cm below soil surface) in all AWD and healthy redox pots 
(Figure 3.1). A second tensiometer was installed at 17.5 cm in the AWD pots only, in order to manage the 
irrigation according to the safe AWD guidelines. There were no tensiometer measurements in the 
continuously flooded treatment, because it would be a meaningless measurement in a flooded soil. 
 
Gas measurements, emitted and dissolved 
 
 Each pot had a removable hard plastic gas collection chamber (fabricated in-house) equipped with 
an electric fan for mixing the gases prior to sampling (Figure 3.1), which was placed with its rim buried in 
the top 0.5 cm soil during use. Gas emissions from the soil were collected from 0700-0900 h every 
Monday, Wednesday, and Friday throughout the experiment. The frequency of sampling was designed to 
include all parts of the irrigation cycle for the AWD and healthy redox treatments. The 2-h sampling time 
was chosen, based on pre-experimentation for the first two weeks of residue decomposition with flooded 
and non-flooded plus- and minus-straw treatments, to represent a midpoint within the linear range of CH4 
and N2O production over time, before a plateau was reached due to oxidation or dissolution of the gases in 
the floodwater. At the end of the sampling time, the electric fan in the top of the chamber was turned on for 
60 s to mix the chamber’s gases prior to sampling. Disposable 1-mL syringes (Terumo® Luer Lock Tip, 
Laguna, Philippines) were used to remove two gas samples from each chamber for CH4 analysis, and two 
10-mL syringes (Terumo® Luer Lock Tip, Laguna, Philippines) were used to sample N2O, after flushing 
each syringe ten times with air from the chamber. Only one of the duplicates was analyzed routinely; the 
other was analyzed occasionally for quality control. Samples were analyzed within 3 h of collection by 
injection into a gas chromatograph equipped with a 2.0 m x 0.2 cm interior diameter Porapak-N column 
(Waters Corporation, Milford, Massachusetts, USA) at 60 ºC with 20 mL min-1 flow rate of N2 carrier gas 
to a flame ionization detector (Varian Star 3400, Palo Alto, California, USA) at 150ºC for CH4 analysis or a 
2.0 m x 0.2 cm interior diameter Porapak-QS column (Waters Corporation, Milford, Massachusetts, USA) 
at 75 ºC with 20 mL min-1 flow rate of a 95:5 Ar:CH4 mixture carrier gas to a 63Ni electron capture 
detector (Shimadzu GC-14B, Kyoto, Japan) at 346ºC for N2O analysis. Three to six replicate ambient 
greenhouse air samples were taken every time just before placing the chambers on the soil for collection, 
and their average was subtracted from the measurements to retain only that which came from the soil 
during the 2-h sampling period. The gas concentrations were used to calculate the amount of each gas 
dissolved in the floodwater according to Henry’s Law (Sander, 1999), and the total of the soil-derived gas  
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Figure 3.1. Experimental set-up of one greenhouse pot. All pots contained six platinum electrodes (with 
only two shown here), three at each depth, and two soil solution samplers. The continuously flooded 
treatment did not require tensiometers, the healthy redox pots only had one tensiometer at 7.5-cm depth, 
and the alternate wetting and drying pots had two tensiometers, one at 7.5 cm and one at 17.5 cm. 
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in the floodwater (if present) and chamber air is reported. Cumulative mass balances for gases were 
obtained by calculating the area under the flux curves via summation of rectangles. Global warming 
potential (GWP) was calculated for a 20-year time frame (IPCC, 2001) for the cumulative mass balances. 
 Each pot contained two Rhizon soil solution samplers (Eijkelkamp Agrisearch Equipment, 
Giesbeek, Netherlands) extending 13 cm horizontally inward from the wall at 2- and 7.5-cm depths (Figure 
3.1). Dissolved CH4 in soil solution was measured at day 20 only, to verify the depth trend. Sampling was 
done using an evacuated tube to draw solution through soil solution samplers (2 cm and 7.5 cm) or the 
drainage tube (20 cm), with sampling, analysis, and calculations according to Alberto et al. (2000). 
 
Statistical analyses 
 
 For the redox potential and soil water potential data, different water treatments were analyzed 
separately. Each water treatment’s residuals satisfied the normality check, so the untransformed data were 
used in a doubly-repeated measures (by time and depth) analysis of variance (ANOVA) done with SAS®, 
using anistropic spatial power (sp(powa)) covariance structure (Littell et al., 2006). The reported standard 
errors and Kenward-Rogers denominator degrees of freedom (df) were generated during the ANOVA. 
 For the gas emission data, the water treatments were not separated. Both gas emission data sets 
and the dissolved methane data failed the normality check, which was resolved by log transformation. A 
repeated measures (by time) ANOVA was done with SAS® on the transformed data, using spatial power 
(sp(pow)) covariance structure since the measurements were not evenly spaced in time (Littell et al., 2006). 
The means and standard errors from the log-transformed data were back-transformed prior to graphing 
using the MMAOV macro (Saxton, 2005). 
 The redox potential data for day 20 was analyzed again to make comparisons between water 
treatments, and no transformation was necessary for this data sub-set. A repeated measures (by depth) 
ANOVA was done with SAS® on the log-transformed dissolved CH4 data and the untransformed redox 
potential (Eh) data. The dissolved CH4 data were back-transformed prior to graphing. 
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3.3  Results 
 
Redox potential and soil water potential 
 
 As expected, the redox potential at 7.5-cm depth was lower than at 2-cm depth (Figure 3.2) in all 3 
water treatments. Under CF and HR water management, soil with incorporated straw was more reduced at 
each depth than soil without straw. Under AWD water management, though, there was no significant straw 
effect on redox potential. The redox potential responded as expected to the irrigations in the AWD and 
healthy redox treatments, by decreasing immediately after re-flooding, and then increasing again as the soil 
dried out prior to the next irrigation. 
 Soil water potential (SWP) was used to manage the AWD treatment, such that the soil was 
irrigated every time the SWP at 17.5-cm depth got to -10 kPa (Fig. 3A), according to the rules of “safe 
AWD.” The +straw treatment had significantly lower SWP (i.e. was drier) than the –straw treatment only at 
17.5-cm depth (P<0.05). For the HR treatment, there was no significant effect of straw on SWP measured 
at 7.5 cm. The SWP fluctuated slightly according to the irrigation schedule, never getting as dry as for 
AWD (Figure 3.3B). 
 
Nitrous oxide emission 
 
 There was an initial flush of N2O from all water treatments, including CF (Figure 3.4). In the 
AWD and HR treatments, this initial flush was larger than in CF because the soil was drying during that 
time, allowing N2O to be produced and emitted by nitrification. Very little N2O was emitted from the 
continuously flooded treatment after the first 10 d, which had reached a maximum of 2.0 µg kg-1 h-1 (39 µg 
m-2 h-1), and the highest N2O emission was from the AWD treatment (5.9 µg kg
-1 h-1 or 113 µg m-2 h-1). 
Both AWD and healthy redox treatments showed an immediate decrease in N2O emission following each 
irrigation as redox potential decreased. In the healthy redox treatment, the N2O emission peaks 
corresponded in time to the redox readings that were above the threshold, with the highest at 4.0 µg kg-1 h-1 
or 76 µg m-2 h-1. In CF and AWD treatments, there was no significant difference in N2O emission between 
straw treatments averaged across time, but the cumulative mass balances showed significantly higher N2O 
from the –straw than the +straw treatment for CF (Table 3.1). In the HR treatment, –straw emitted 
significantly more N2O than +straw (P<0.05), both average and cumulatively across time. These results 
correspond well with the redox potential results—CF pots were at too low redox potential in both straw 
treatments for the differences between them to affect average N2O emission, and AWD had no significant 
straw treatment differences in redox potential. In the HR pots, the –straw treatment had higher 2-cm redox 
potential and higher N2O emission, both significant at the 0.05 level. 
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Figure 3.2. Soil redox potential over number of days at two depths beneath the soil surface, with and 
without straw incorporation, under different water management treatments: A) continuous flooding, B) 
alternate wetting and drying (AWD), and C) healthy redox. Shaded area is the "healthy redox" range of -
150 to +180 mV. Vertical lines indicate irrigations. For both A and C, there was a significant effect of 
straw and depth (P<0.05), but no significant interaction. For B, there was a significant effect of depth 
(P<0.05) but not straw, so the straw treatments were averaged together. Error bars indicate standard error 
(points are averages of 4 pots for A and C and 8 pots for B; df = 186 for A, 271 for B, 181 for C). 
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Figure 3.3. Soil water potential under two water management treatments: A) alternate wetting and drying 
(AWD), and B) healthy redox. Vertical lines indicate irrigations. For A, there was a significant effect of 
straw and the straw x depth interaction (P<0.05). For B, only the shallower depth was measured, and there 
was no significant effect of straw, so the two straw treatments were averaged together. Error bars indicate 
standard error, and points are averages of 4 pots for A (df=304) and 8 pots for B (df=151). 
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Methane emission and production 
 
 There was much more CH4 emitted from the +straw at an average of 9.9 µg CH4 kg
-1 h-1 (190 µg 
m-2 h-1) than the –straw treatments at 0.15 µg kg-1 h-1(2.9 µg m-2 h-1), across all water treatments (Figure 
3.5), and in each case, the cumulative CH4 emitted also was significantly greater (P<0.0001) for +straw 
than –straw treatments (Table 3.1). This trend is consistent with the healthy redox concept, since the redox 
potential did not get lower than the CH4 threshold for any of the –straw treatments. However, even when 
there was no difference between the redox potential of the straw treatments in AWD (Figure 2.1), there was 
still a significant (P <0.05) and large difference in CH4 emission with 3.9 µg kg
-1 h-1 (75 µg m-2 h-1) on 
average over time from +straw and 0.21 µg kg-1 h-1 (4.1 µg m-2 h-1) from –straw. There was CH4 emission 
from the CF treatment with incorporated straw throughout the experiment (Figure 3.5), as predicted by the 
low redox potential of this treatment at 7.5 cm (Figure 3.2), with a maximum emission of 87.5 µg kg-1 h-1 
(1690 µg m-2 h-1). There was also methane emission from the +straw treatment of the healthy redox water 
regime, to a maximum of 150 µg kg-1 h-1 (2890 µg m-2 h-1), even though the measured redox potential at 15-
cm depth did not go below the healthy redox range (Figure 3.1). 
 The results for CH4 dissolved in soil solution indicated that all three water treatments with straw 
had considerable CH4 production lower in the soil profile than 7.5 cm. Even the AWD treatment at a dry 
part of its cycle had similar dissolved CH4 as the other wetter treatments at depth, which helps explain how 
CH4 could be emitted from soil with 7.5-cm redox potential above -150 mV. 
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Table 3.1.  Cumulative mass balances for gases and global warming potential over the duration of the 
experiment.  
 
 
*GWP20 = global warming potential based on the 20-year time frame from IPCC (2001). 
   Where GWP20 = (63 * CH4) + (275 * N2O)  
†Within a column, numbers followed by the same letter are not significantly different by LSD (0.05). 
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Figure 3.4. Nitrous oxide (N2O) emission from soil over time, with and without incorporated straw, from 
different water treatments: A) continuous flooding, B) alternate wetting and drying (AWD), and C) healthy 
redox. Vertical lines indicate irrigations. There were significant effects of water, straw, and the water x 
straw interaction (P<0.05). Points are back-transformed averages of 4 pots, and error bars represent back-
transformed standard error (df = 321). Different letters indicate significant differences between straw x 
water treatments averaged across time, according to the least significant difference test. 
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Figure 3.5. Methane (CH4) emission from soil over time, with and without incorporated straw, from 
different water treatments: A) continuous flooding, B) alternate wetting and drying (AWD), and C) healthy 
redox. Vertical lines indicate irrigations. Effects of straw and water treatments were both significant 
(P<0.0001), as was the straw x water interaction. Error bars represent back-transformed standard error 
(df=327), and points are back-transformed averages of 4 pots. Different letters indicate significant 
differences (P<0.05) between straw x water treatments averaged across time, according to the least 
significant difference test. 
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3.4  Discussion 
 
Application of the healthy redox concept 
 
 Although the study succeeded in simultaneously keeping both 2- and 7.5-cm depth redox 
potentials within the healthy redox range for seven weeks through careful water management (Figure 
3.2C), CH4 was still emitted with minimal response to the irrigation cycles, especially where straw had 
been incorporated (Figure 3.5C). When the gas emission data is plotted against redox potential as in Yu and 
Patrick (2003), it can be seen that N2O approximately followed the predicted healthy redox trend in relation 
to the shallower redox potential, if the initial peak during equilibration is excluded (Figure 3.7). In the 
“after 10 days” data, the first significant N2O production came at about +140 mV, which is within the range 
of N2O threshold values that Yu and Patrick (2003) reported for a range of soils. However, CH4 was 
emitted well above its supposed threshold when compared with the 7.5-cm redox potential (Figure 3.7). 
This deviation from the expected healthy redox trend was most likely due to production of CH4 at depths 
lower than 7.5 cm (Figure 3.6C), where the redox potential might have been <-150 mV, exacerbated by 
insufficient time during the short drying periods for methanogenesis inhibition mechanisms to develop (Yu 
et al., 2007), but might also be partially explained in the first 10 days by Yao and Conrad’s (1999) H2-
dependent high-redox methanogenesis.  
 Although the data did not contradict the theoretical concepts behind the healthy redox 
relationships between redox potential and CH4 and N2O formation, it was found that the true healthy redox 
potential—at which the N2O-emitting part of the soil was below the N2O redox threshold and the CH4-
emitting part was above its threshold—was not achieved due to the changes in redox potential with depth. 
 
Water and crop residue management strategies 
 
 “Healthy redox” was intended to be a concept to guide water management rather than a field water 
management protocol, and the “safe AWD” water management technique was also tested to determine how 
close it came to the goals of maintaining a healthy redox potential and minimizing both CH4 and N2O. It 
has been shown that mid-season drainage periods decrease CH4 emission and increase N2O emission 
(Bronson et al., 1997a), and AWD’s frequent changes in soil water status was suspected to have a similar 
effect on gas emission by keeping the soil close to the healthy redox potential for an extended period of 
time. As expected from its periodically oxidized shallow redox potentials (Figure 3.2), AWD had 
significantly higher N2O emission (P<0.05) than the CF treatment (Figure 3.4), which produced no 
measurable N2O after the early flush. There was no significant difference in N2O emission if straw was 
incorporated or not with AWD water management. It can therefore be expected that rice paddies managed 
by AWD will produce more N2O than continuously flooded ones, regardless of straw incorporation. At 
field scale, N2O emission would also be expected to increase just after N fertilization of non-flooded soil 
(Bronson et al., 1997a), though this might be mitigated by timing N application to match plant uptake 
(Dobermann et al., 2004). 
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Figure 3.6. Methane (CH4) dissolved in soil solution and soil redox potential at day 20, in different water 
treatments at three depths beneath the soil surface: A) 2 cm, B) 7.5 cm, and C) 20 cm. The effects of water 
treatment, straw, and depth on dissolved CH4 were all significant (P<0.05). Different letters for CH4 
indicate significant differences (P<0.05) by the least significant difference test. Effects of water, depth, and 
water x straw interaction on redox potential were significant (P<0.05). Error bars on redox potential 
indicate standard error (df=18), with each data point representing the average of 4 pots. Note the reverse 
order of the redox potential scale so that more reduced values are at the top, and note the change in CH4 
scale between the panels. 
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Figure 3.7. The correspondence of nitrous oxide (N2O) and methane (CH4) emission with soil redox at 
different depths beneath the soil surface potential, separating the beginning (<10 d) and main (>10 d) times 
during the experiment: A) N2O with redox potential measured at 2-cm depth, and B) CH4 with redox 
potential at 7.5-cm depth. All points are individual observations, including all water and straw treatments. 
The shaded area indicates the theoretical "healthy redox" range at which production of both gases should be 
minimized. No correlations were statistically significant. 
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 In terms of CH4 emission, the AWD treatment did significantly better than the CF treatment, 
especially when straw was incorporated (Figure 3.5), indicating that the long drying cycles allowed the 
lower-depth redox potential to rise enough to decrease the amount of CH4 emitted. Significant decreases in 
CH4 emission from rice paddies have been observed during mid-season drainage periods (Bronson et al., 
1997a). Therefore, it can be expected that AWD would usually produce less methane than continuous 
flooding. Straw incorporation had a much larger effect on CH4 emission than the water treatment 
differences (Figure 3.5). Incorporating straw into a rice paddy that is flooded (or saturated up to a depth 
that includes at least part of the straw-affected soil) is therefore expected to dramatically increase the 
amount of CH4 emitted from the soil during the growing season. This large straw effect has been observed 
for soils under continuous flooding (Wang et al., 2000) and during the flooded period before a mid-season 
drainage (Bronson et al., 1997a).  
 
3.5 Conclusion 
 
 It was concluded that there will be a trade-off between the two greenhouse gases under field 
conditions, and that it will be exacerbated in the presence of easily-decomposable C sources. Many 
different field-scale studies have reported this trade-off during cropping seasons and fallow periods 
(Bronson et al., 1997a and b; Cai et al., 1997; Chen et al., 1997), but most have not measured redox 
potential. In contrast, data from Hou et al. (2000) fit neatly into the healthy redox concept when they 
measured CH4 emission from a continuously flooded rice field and compared it with redox potential at 5-
cm depth, finding very little CH4 emitted above -150 mV, with no information about timing of the redox 
changes. It also used a different C source (manure) than the rice straw experiment in the stirred slurries of 
Yu and Patrick (2003). All of the CH4 emission points in the current study that were greater than  
3 µg kg-1 h-1 came from pots with incorporated straw. 
 Considering the differences that would occur in the field if fertilized plants were present (Yu et al., 
2004), or in soils with different textures, calculated global warming potentials of these water management 
treatments from a pot experiment (Table 3.1) must be interpreted cautiously, but these seem to indicate that 
with straw incorporated, CH4 is likely to be the bigger global warming danger. Further research is required 
with field-scale experiments. If straw is to be incorporated, it would be better to use AWD than CF 
management, and to try to incorporate the straw to as shallow a depth as possible to keep it above the 
saturated zone at which CH4 might be produced. 
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CHAPTER IV   
Water productivity and nitrogen use of rice grown under alternate-wetting-and-drying irrigation 
with different management practices 
 
4.1  Introduction 
 
From Chapter III, alternate-wetting-and-drying irrigation (AWD) management showed most 
potential in mitigating the negative effects of straw incorporation in terms of CH4 production. The N2O gas 
was also induced during the dry cycles of AWD but its net GWP was still lower than continuously flooded 
control, especially when straw was incorporated.  Alternate-wetting-and-drying irrigation also reduced 
water input of the treatments which could partly alleviate the growing water scarcity if taken on a system 
level. With these advantages, AWD was applied in the field for 6 seasons in this study to determine its 
impact on rice grain yield, water use, and nutrient efficiency.  
More than 89% of the worldwide rice production systems are in Asia, where a majority are 
continuously irrigated (WRS, 2008) and consumes 24-30% of global freshwater resources (Bouman et al. 
2007b). Increasing water scarcity became imminent with the climate change process, greater domestic and 
industrial demands, and overexploitation of water resources (Bouman et al 2007a). Water saving 
approaches were made available to rice including saturated soil culture (SSC); mid-season drainage (MSD); 
alternate wetting and drying (AWD); furrow, flush, and sprinkler irrigation, and aerobic cultivation, which 
were well described elsewhere (Bouman and Tuong, 2001; Bouman et al., 2007a; Bouman et al., 2007b; 
Tuong et al., 2005). Typical total seasonal water input (irrigation plus rainfall) for irrigated rice in Asia is 
estimated to be 1300-1500 mm (Bouman et al., 2007b) and these water-saving technologies can reduce 
water use at varying degrees, with yield penalties ranging from 0 to 70% when compared with the 
traditional CF. Among these technologies, SSC and AWD demonstrated the most advantage, with minimal 
grain yield reduction and substantial water savings (Bouman and Tuong, 2001; Tabbal et al., 2002; Belder 
et al., 2004; Cabangon, 2008; Cabangon, 2011) and possible impact on methane reduction similar to MSD 
(Cai et al., 1997; Johnson-Beebout et al., 2009 ). From previous AWD experiments done at IRRI (Tabbal et 
al., 2002; Belder et al., 2004; Cabangon, 2008), grain yields from AWD often decrease by 0-20% relative 
to CF. AWD was also found to save 10-65% of irrigation water and increase the irrigation water 
productivity (amount of grains produced per unit of irrigation water input) by 10-100% (Bouman et al., 
2007b). However, most AWD studies were done in one or two seasons, which make yield stability 
unchecked for longer term cultivation.  George et al. (2002) and Peng et al. (2006) found that aerobic rice, 
as a water-saving technology, showed yield decline on the third crop with continuous aerobic cultivation. 
Although the exact causes of yield decline remained unknown, these were usually related to the build-up of 
pathogens as nematodes and availability of soil mineral nutrients. It was hypothesized that AWD may also 
cause yield decline through time due to its relatively drier soil conditions than the conventional CF. 
Alternate anaerobic and aerobic soil conditions bring about biogeochemical changes in the soil, 
which controls nutrient availability (Kirk, 2004; Follett, 2008). AWD has the potential to create additional 
opportunities to hasten remobilization of soil nutrients and reduce net greenhouse gas production as 
consequences of frequent aerobic cycles. However, although aerobic conditions reduce methane 
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production, this favors nitrous oxide production through nitrification-denitrification pathways (Buresh et 
al., 2008; Johnson-Beebout et al., 2009). To minimize this, LCC (leaf color chart)-based N management 
with AWD irrigation management could be a promising combination to lessen the presence of excess 
nitrogen fertilizer available for nitrification-denitrification during aerobic cycles in addition to providing a 
timely N supply to the rice plant. LCC indirectly measures chlorophyll and N contents of the leaves, which 
are directly correlated with the photosynthetic rates and biomass accumulation of the leaves (Peng et al., 
1995; Yang et al., 2003), making it a very useful index in assessing the general N status of rice crops. 
Several studies have established that the critical SPAD (soil plant analysis development) reading for 
irrigated lowland rice lies between 35-38 (Bijay-Singh et al., 2002; Cabangon, 2008; Cabangon, 2011; 
Peng et al., 1996). Cabangon et al. (2011) established that SPAD 35-38 works well with AWD in 2 
different experiments. SPAD 35-38 corresponds to LCC values 3-3.5, however, all currently existing LCCs 
are optimized with rice grown under CF. Under CF, the critical LCC readings for varieties with naturally 
light green-colored leaves are around 3, 4 for semi-dwarf indica varieties, and 5 for hybrids (Dobermann 
and Fairhurst, 2000; Yang et al., 2003). The tendency of rice plants to grow bluish dark green leaves under 
water-stress conditions (Haefele et al., 2010) posed questions on the applicability of LCCs to rice grown 
under AWD. It was hypothesized that LCC, as used under CF, may not be as effective in managing N 
fertilizer under AWD and needs modification prior to use. 
Straw incorporation has been a common practice for rice cultivation due to its net benefits to the 
rice crop (Dobermann and Fairhurst, 2002; Takahashi et al., 2003; Surekha et al., 2003; Yadvinder-Singh et 
al., 2004; Yadvinder-Singh et al., 2005), however, this effect needs confirmation under AWD. It was 
explored in this study on the hypothesis that rice straw will decompose faster with alternating wet and dry 
soil conditions with AWD and less nutrient immobilization will occur under AWD compared to CF.  
The timing of tillage was also explored under AWD due to the tillage effect on the hydrology of 
paddy soil (Dexter and Woodhead, 1984; Lal, 1984) and on soil N and P availability (Bucher, 1999) 
relative to the timing of soil tillage and the beginning of the cropping season. It was explored in this study 
on the hypothesis that the timing of tillage will cause significant difference on water and N availability 
between CF and AWD.  
This study presents data gathered from a 6-season AWD experiment conducted from 2007 to 2009 
at the IRRI Experimental Station. Each year had two cropping seasons: 1) dry season (DS; January-May) 
and 2) wet season (WS; July-November). The experiment aimed to 1) determine the effect of continuous 
rice cultivation under AWD on grain yield over six cropping seasons, 2) determine the effect of AWD on 
water and N use compared to CF, and 3) determine the response of AWD to different N fertilizer, straw, 
and tillage management approaches in terms of grain yield. 
 
4.2  Materials and Methods 
 
Experiment site 
The experiment was conducted at the IRRI experimental area in Los Baños, Philippines (14.16o N, 
121.26o E), in 2007-09 with two crops per year. The soil was clay loam Aquandic Epiaquoll (Soil Survey 
Staff, 1994 as cited by Dobermann et al., 2000) with 59% clay, 32% silt, and 9% sand, and pH of 6.7. The 
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site has a shallow water table of 0.4-0.5 m (below the soil surface) during DS, which reaches 0.2-0.3 m 
during WS. Chemical analysis showed that the soil total C content was 19.8 g kg-1, KCl-extractable NH4
+-N 
50 kg ha-1, and NO3
--N 15 kg ha-1. 
 
Seasonal weather 
Figure 4.1 shows the daily solar radiation (SR) and rainfall (RF) distribution during the dry and 
wet seasons of 2007, 2008, and 2009 while Table 4.1 summarizes the seasonal rainfall, mean solar 
radiation, total sunshine hours, and minimum and maximum temperature for the six cropping seasons. The 
driest season was DS 2007, which had the highest average solar radiation (18.21 MJ m-2), the highest total 
sunshine hours (1208), and the lowest rainfall (66 mm). WS 2009 was the wettest season, with the lowest 
average SR (13.74 MJ m-2), shortest total sunshine hours (414.8), and highest rainfall (963 mm).  
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Figure 4.1. Daily distribution of rainfall and solar radiation in 2007 (A), 2008 (B), and 2009 (C). Shaded 
areas are the 6 cropping seasons marked with arrows indicating the occurrence of the different phenological 
stages: TR = transplanting; PI = panicle initiation; FL = flowering; PM = physiological maturity.  
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Table 4.1. Seasonal weather conditions and crop duration from transplanting to harvest during the different 
cropping seasons. 
 
  
a
Duration Total 
rainfall 
Mean 
radiation 
Total 
sunshine  
Minimum 
temperature 
Maximum 
temperature 
Season Year (days) (mm) (MJ m
2
) (h) (
o
C)  (
o
C) 
b
DS 2007 119 66 18.21 1021 23.1 31.1 
 2008 120 188 16.02 644 23.6 30.2 
 2009 109 631 16.53 630 23.8 30.7 
        
c
WS 2007 111 691 14.82 507 24.6 31.5 
 2008 110 507 15.12 493 24.3 31.4 
 2009 108 963 13.74 415 25.0 31.3 
        aDuration = number of days from sowing to harvest; bDS = dry season; cWS = wet season. 
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Table 4.2. Threshold values set and N-fertilizer application used for leaf color chart (LCC)-based nitrogen 
fertilizer management in LCC treatment plots at different crop growth stages. 
 
       
aAT  bMT  cPI  dHD 
N rate  Threshold  N rate  Threshold N rate  Threshold N rate 
kg ha-1  values kg ha-1  values kg ha-1  values kg ha-1 
          
     Dry season     
          
30  If LCC < 3 60  If LCC < 3 60  If LCC < 3 23 
  If 3 < LCC < 4 45  If 3 < LCC < 4 45  If LCC > 3 0 
  If LCC > 4 23  If LCC > 4 23    
          
          
     Wet season     
          
30  If LCC < 3 40  If LCC < 3 40  If LCC < 3 15 
  If 3 < LCC < 4 30  If 3 < LCC < 4 30  If LCC > 3 0 
  If LCC > 4 15  If LCC > 4 15    
aAT = after transplanting; bMT = mid-tillering; cPI = panicle initiation; dHD = heading. 
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Experimental design 
Table 4.3 summarized all the factors included in the six-season field experiment. The experiments 
were laid out in a split-split-plot design with four replications. The main plot factor was water management 
(W) with 3 levels: 1) continuous flooding (CF) has a standing water ranging from 3-7 cm throughout the 
season; 2) AWD–20 was irrigated up to 7 cm standing water when the average soil water potential at 15-cm 
soil depth from the four replicates reached –20 kPa; and 3) AWD–70 was irrigated up to 7 cm standing water 
when the soil water potential at 15-cm soil depth from any of the four replicates reached –70 kPa.  
The subplot factor was N-fertilizer management (N) by straw (S) combination with six levels, 
being 3 levels of N and 2 levels of straw. N-management treatments were 1) N0 or zero-N control; 2) Nfixed 
or fixed split N rate at 165 kg N ha-1 in DS and 120 kg N ha-1 in WS divided into four splits at fixed timing; 
and 3) NLCC or leaf color chart (LCC)-based N-fertilizer management. The NLCC treatment received variable 
amounts of N fertilizer based on the LCC reading of the crop at “fixed time–adjustable dose” (Buresh et al., 
2008) as shown in Table 4.3. The amount of N fertilizer applied varies depending on the LCC reading of 
the treatment at fixed crop stages. In this experiment, measured LCC readings generally ranged from 3-3.5, 
hence, 45 kg N ha-1 was usually applied at MT and PI in NLCC treatment. An LCC reading below 3 was 
observed only at HD in DS 2007 with AWD-70 NLCC plots. LCC readings higher than 4 were not observed 
in this study at any stage. Following these conditions, NLCC consistently received 120 kg ha
-1 in DS (except 
for DS 2007 at 135 kg ha-1) and 90 kg ha-1 in WS.  
The straw treatments were 1) S0 or no straw incorporation and 2) S1 or with straw incorporation at 
4 t straw ha-1 (dry weight basis). All S1 plots received dried straw residues at 45-48 days before 
transplanting (DBT) but incorporation was done depending on the timing of tillage. 
The sub-subplot factor was the timing (T) of tillage with two levels: 1) T1 or early tillage done at 
the beginning of the fallow period (45-48 DBT) and 2) T2 or late tillage done at the end of the fallow period 
(farmers’ practice; 25-28 DBT). 
Main plots and subplots were separated by bunds and lined with 0.5-m-wide plastic sheets (0.254 
mm thick) imbedded and fixed vertically along the sides of the plots to avoid horizontal movement of water 
and fertilizer. The plastic sheet covers 10 cm above the soil surface (bund height is 10 cm), the plow layer 
(~20 cm), and another 20 cm below the hard pan. Plot size was 50 m2 (10m x 5m), which were divided into 
two plots without bunds to accommodate the tillage treatments.  
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Table 4.3. Summary and designation of experimental factors included in the 6-season experiment using a 
split-split-plot design with 4 replications. 
 
Factor Designation Treatment 
Water management CF Continuous flooding 
(W) AWD-20 Irrigated up to 3-7 cm standing water when the average 
soil water potential at 15 cm soil depth from the 4 
replicates reached –20 kPa 
 AWD-70 Irrigated up to 3-7 cm standing water when soil water 
potential at 15 cm soil depth from any of the 4 replicates 
reached –70 kPa  
   
N-management x aStraw 
incorporation 
N0S0 Zero N control; without straw 
(NxS) N0S1 Zero N control; with straw 
 NFixedS0 Fixed split N rate of 165 kg N ha
-1 in DS and 120 kg N ha-
1 in WS divided into 4 splits at fixed timing; without straw 
 NFixedS1 Fixed split N rate of 165 kg N ha
-1 in DS and 120 kg N ha-
1 in WS divided into 4 splits at fixed timing; with straw 
 NLCCS0 Leaf color chart (LCC)-based N fertilizer management; 
without straw 
 NLCCS1 Leaf color chart (LCC)-based N fertilizer management; 
with straw 
   
Timing of tillage  T1 Early tillage at 45-48 
bDBT 
(T) T2 Late tillage at 25-28 DBT 
a Straw was applied on the field at 45-48 days before transplanting 
b DBT = days before transplanting. 
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Crop management 
Primary tillage was done manually using water buffaloes. This was done in T1 plots 45-48 DBT 
and 25-28 DBT in T2 plots. Puddling (12-14 DBT), harrowing (2-4 DBT), and transplanting were done 
synchronously for all treatments. 
Zero-N (N0) plots had no N application throughout the season. Both Nfixed and NLCC received basal 
N fertilizer of 30 kg N ha-1. Nfixed plots received 165 kg N ha
-1 for DS which was divided into: basal at 30 
kg N ha-1; mid-tillering (MT) at 45 kg N ha-1; panicle initiation (PI) at 45 kg N ha-1; and heading (HD) at 45 
kg N   ha-1 during DS. In WS, 120 kg N ha-1 was divided into: 30 kg N ha-1 at each stage. The total amount 
of N fertilizer applied in NLCC plots hardly varied at 120 kg N ha
-1 during DS and 90 kg N ha-1 in WS. 
Phosphorus (P; 40 kg P2O5 ha
-1), potassium (K; 40 kg K2O ha
-1), and zinc (Zn; 5 kg Zn ha-1) were added in 
all plots 2 days before transplanting.  
The study used rice variety, PSBRc80, which is an established irrigated lowland indica rice variety 
adapted to both flooded and aerobic conditions (Peng et al., 2006). Prior to transplanting, 20 kg of pre-
germinated PSBRc80 seeds were sown and grown on wet beds for 14-15 days. The seedlings were 
manually transplanted in the main field with 20x20-cm spacing between hills. 
 
Plant measurements 
Leaf color chart scoring 
Ten hills were randomly selected from each treatment plot at MT, PI, and HD every season.  From 
each hill, the uppermost fully expanded leaf was compared to the green panels of the IRRI-LCC 
(Dobermann and Fairhurst, 2000). The leaf was not detached from the plant and direct sunlight was 
avoided during assessment. The average of the readings gathered from the selected 10 leaves was taken as 
the LCC reading for one replicate plot.  
 
Grain yield and yield components 
Both grain yield (GY) and yield components (YC) were processed and analyzed according to 
Dobermann and Fairhurst (2000). GY was sampled and determined from 125 hills (5 m2) located at the 
center of the treatment plot while the YC were taken from 12 hills from around the GY area.  Grain yield is 
reported at 14% moisture content. Plant samples taken at physiological maturity were analyzed for Kjeldahl 
N analysis (Bradstreet, 1954).  
Water management 
All plots were kept flooded during the first 21 days after transplanting (DAT) and at heading 
(ranging from 7 days before and 7 days after heading). The three water management approaches were 
implemented during the rest of the season as described in Table 4.2. The plots were individually irrigated 
using pipes connected to a flow meter to monitor the amount of irrigation water input for each plot. 
Tensiometers were installed and used as an indicator for the timing of irrigation in AWD plots.  
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Calculations 
Water productivity 
Water productivity (WP) is the amount of grain (MC at 14%) produced by the crop per unit 
volume (m3) of water used. WP calculation was well described and discussed by Tuong et al. (2005). In this 
experiment, WP was calculated as (1) WPI or water productivity in terms of irrigation water input and (2) 
WPIR or water productivity in terms of total water input (irrigation water + rainfall). The two were 
calculated using the following formula: 
WPI = GY14/I 
WPIR = GY14/IR 
where 
GY14 = grain yield in kg ha
-1 
I = volume of irrigation water used per ha in m3 
IR = volume of total water input (irrigation water used + rainfall) per ha in m3 
 
N-use efficiencies 
N uptake, partial factor productivity of applied N, and crop recovery efficiency of applied N were used 
to evaluate the performance of CF and AWD-70 with Nfixed and NLCC using the following formulas 
(Dobermann, 2005): 
1. TNU = (%Nstraw*straw biomass ha
-1) + (%Ngrain*grain yield ha
-1) 
where TNU is the total N taken up by the crop in kg N ha
-1; %Nstraw = analyzed g N per 100g of straw at 
3% moisture; straw biomass ha-1 = total straw harvest at 3% moisture; %Ngrain = analyzed g N per 100g 
of grain at 3% moisture; grain yield ha-1 = grain yield at 3% moisture. 
2. PFPN = YN/FN 
where partial factor productivity of applied N (PFPN) is the amount of grain produced by the crop 
using the applied amount of N fertilizer. It is the weight of the harvested grain at 14% MC (kg) per unit 
weight (kg) of N applied; YN = grain yield (in kg; at 14% moisture content) from N-fertilized 
treatment; FN = total amount of N fertilizer applied in kg ha
-1. 
3. REN = (UN – U0)/FN 
where crop recovery efficiency of applied N (REN) is the increase in N uptake (kg) per unit weight (kg) 
of N applied; UN = N uptake (kg) from N-fertilized treatment; U0 = N uptake (kg) from no N-fertilizer 
treatment; FN = total amount of N fertilizer applied in kg ha
-1. 
 
Statistical analysis 
 Analysis of variance (AOV) was done using SAS mixed procedure (Littell et al., 2006). The 
model included water, N-fertilizer, straw, and tillage management as factors. Using mixed procedure, these 
factors and their interactions were treated as fixed effects. Random effects include replication and its 
interaction with the fixed effects. For AOV on yield trend over years, the same model was used but year 
was used as repeated measure using AR(1) covariance structure. Means were compared using the least 
significant difference (LSD) test at α = 5%. In the absence of significant interaction effects, means were 
computed across the other factors. 
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4.3  Results 
 
Soil water potential 
 Given the 2007-09 weather conditions in Figure 4.1 and Table 4.1, the soil water potential (SWP) 
achieved during the cropping seasons were shown in Figure 4.2. The AWD-20 treatment hardly reached the 
targeted -20 kPa threshold. During DS, SWP for AWD-20 ranged from 0 to -14 kPa while 0 to -11 kPa in 
WS. For AWD-70, SWP ranged from 0 to -33 kPa in DS and 0 to -18 kPa in WS. Driest conditions were 
achieved in DS 2007 while almost no dry period occurred in WS 2009.  
 
Dry season rice 
 
Grain yield and yield components 
No two or 3-way interaction effect among the experimental factors was observed on grain yield in 
DS. Figure 4.3 shows that water, nitrogen, and straw management approaches significantly affected grain 
yield. In the absence of any significant effect or interaction with the timing of tillage on grain yield, it was 
not presented. 
Table 4.4 shows the means of the different yield components – number of panicles m-2, number of 
spikelets panicle-1, percent filled spikelets, and thousand grain weight – for both DS and WS. No significant 
2- or 3-way interaction effect was observed on the different yield components. Water and N management 
significantly affected all yield components in DS but straw incorporation did not.  
 
Effect of water management 
Water management gave significant effect on yield in DS 2007 but not in DS 2008 and DS 2009 
(Figure 4.3A.1). In 2007, CF yield was at 5.7 t ha-1, which was significantly higher than AWD-20 and AWD-
70 at 4.6 t ha
-1 and 4.5 t ha-1, respectively.  In DS 2008, grain yield for CF did not differ significantly at 5.2 t 
ha-1 from AWD-20 (4.98 t ha
-1) and AWD-70 (4.92 t ha
-1) nor in DS 2009 with 5.5 t ha-1, 5.4 t ha-1 and 5.3 t 
ha-1 for CF, AWD-20, and AWD-70, respectively. Table 4.4 shows that, the number of panicles increased 
with AWD, but the number of spikelets, percent filled spikelets and 1000-grain weight tend to decrease 
significantly with AWD treatments resulting to slightly increased grain yield in CF.  
 
Effect of N management 
 Nitrogen management significantly increased grain yield during DS (Figure 4.3A.2). Nfixed was 
consistently higher than NLCC, which were both significantly higher than N0. In DS 2007, grain yield for 
Nfixed (5.9 t ha
-1) was significantly higher than NLCC (5.6 t ha
-1) and N0 (3.3 t ha
-1). Similarly, Nfixed (6.1 t ha
-
1) was significantly higher than NLCC (5.5 t ha
-1) and N0 (3.5 t ha
-1) in 2008. The same was observed in 
2009, with 6.2 t ha-1, 5.9 t ha-1, and 4.1 t ha-1 for Nfixed, NLCC, and N0, respectively. The number of panicles 
m-2, spikelet panicle-1, and 1000-grain weight were significantly increased by both Nfixed and NLCC (Table 
4.4).  Except for DS 2008 where the number of spikelet per panicle in Nfixed was significantly higher than 
NLCC, the number of panicles, number of spikelet per panicle and 1000-grain weight did not differ 
significantly between Nfixed and NLCC. The percentage of filled spikelet was found significantly 
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Figure 4.2. Soil water potential achieved at 15 cm soil depth during the different cropping seasons. DS = 
dry season; WS = wet season. Values shown are means ±SD, N = 4. 
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 higher in N0 than Nfixed and NLCC. 
 
Effect of straw management 
 Straw management significantly increased grain yield in DS 2007 and DS 2009 but not in DS 
2008 (Figure 4.3A.3). Straw application increased grain yield by 5 % (from 4.8 t ha-1 in S0 to 5.1 t ha
-1 in 
S1) in DS 2007 and by 3% (5.3 t ha
-1 in S0 to 5.5 t ha
-1 in S1) in DS 2009. Table 4.4 shows that straw 
management slightly increased the number of panicles m-2, spikelets panicle-1, and 1000-grain weight but 
not significantly. 
 
Water use and water productivity 
 Figure 4.4A shows the water input (mm) for the different water management during DS for 3 
years. Only water management significantly reduced water input. N and straw management had no 
significant effect on the amount of irrigation water input. Water input for CF was consistently highest 
ranging from 749 to 1342 mm, with average at 987 mm. AWD-20 was next with water input ranging from 
525 to 1060 mm, with average at 723 mm (26% less relative to CF). The least water input was for AWD-70 
which ranged from 458 to 922, averaging 615 mm (37% less relative to CF). 
Figures 4.4B and 4C show the water productivity in terms of irrigation input (WPI) and water 
productivity in terms of total water input (irrigation + rainfall; WPIR) during DS for 3 years. N 
management, Nfixed and NLCC, significantly increased WPI and WPIR. Water and straw management had no 
significant effect on WPI or WPIR. WPI for Nfixed was consistently highest ranging from 0.56 to 1.3 kg grain 
m-3, with average at 0.98 kg grain m-3. NLCC was next with WPI ranging from 0.56 to 1.1 kg grain m
-3, with 
average at 0.89 kg grain m-3. Lowest WPI was observed for N0 which ranged from 0.33 to 0.81 kg grain m
-3, 
with average at 0.59 kg grain m-3.  On the other hand, WPIR for Nfixed was consistently highest ranging from 
0.53 to 0.79 kg grain m-3, with average at 0.62 kg grain m-3. NLCC was next with WPIR ranging from 0.49 to 
0.74 kg grain m-3, with average at 0.58 kg grain m-3. Lowest WPI was observed for N0 which ranged from 
0.31 to 0.46 kg grain m-3, averaging 0.37 kg grain m-3. 
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Figure 4.3. Individual effects of the different experimental factors on grain yield in dry seasons (A) and 
wet seasons (B) as affected by water treatment (A.1, B.1), N-fertilizer treatment (A.2, B.2), and straw 
treatment (A.3, B.3). CF = continuouly flooded; AWD = alternate wetting and drying; N0 = no fertillizer; 
Nfixed = 165 kg ha
-1 in DS and 120 kg ha-1 in WS; NLCC = LCC-based N management with 120 kg ha
-1 in 
DS (except for DS 2007 at 135 kg ha-1) and 90 kg ha-1 in WS; -straw = without straw; +straw = 4 t ha-1 
straw on dry weight basis. Columns with the same letters in the same year are not statistically different 
using LSD (0.05). 
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Table 4.4. Yield components as affected by water, N fertilizer, and straw management for all 6 
seasons. Means with the same letter along rows, within each management factor are not significantly 
different using LSD (0.05). 
 
                               Treatment 
                     W management                       N management               S management 
  aCF bAWD-20 
cAWD-70 
dN0 
eNfixed 
fNLCC 
gS0 
hS1 
 
Dry season 
        
     Number of panicles m-2 (Pan)      
 2007 313 a 288 b 333 a 245 b 344 a 346 a 312 a 311 a 
 2008 279 a 295 a 299 a 223 b 326 a 324 a 284 a 298 a 
 2009 303 b 319 ab 332 a 260 b 347 a 347 a 314 a 322 a 
     Spikelets panicle -1 (SpPan)       
 2007 105 a 94 b 84 c 81 b 101 a 101 a 95 a 99 a 
 2008 99 a 87 b 87 b 81 c 99 a 93 b 91 a 95 a 
 2009 100 a 94 ab 90 b 87 b 97 a 99 a 104 a 106 a 
     Percent filled spikelets (%; PctFSp)       
 2007 76 a 77 a 77 a 81 a 77 b 72 c 77 a 76 a 
 2008 86 a 83 b    84 ab 88 a 85 b 80 c 85 a 84 a 
 2009 84 a 82 a 83 a 84 a 84 a 81 b 84 a 82 a 
     1000-grain weight (g; TGW)       
 2007 21.25a 20.35b 19.53c 19.96b 20.51a 20.67a 20.38a 20.38a 
 2008 21.64a 21.35a 21.36a 21.27a 21.56a 21.52a 21.39a 21.51a 
 2009 21.21a 21.26a 21.13a 20.91b 21.40a 21.29ab 21.12a 21.28a 
Wet season    
     Number of panicles m-2 (Pan)    
 
 2007 282 a 276 a 262 a 239 b 283 a 298 a 272 a 274 a 
 2008 286 a 278 a 281 a 245 b 300 a 299 a 287 a 276 a 
 2009 267 a 262 a 272 a 237 b 283 a 281 a 260 a 273 a 
     Spikelets panicle -1 (SpPan)       
 2007 96 a 98 a 96 a 90 b 98 ab 103 a 95 a 99 a 
 2008 99 a 91 b 89 b 87 b 98 a 95 a 91 a 95 a 
 2009 106 a 106 a 102 a 94 b 109 a 111 a 104 a 106a 
     Percent filled spikelets (%; PctFSp)      
 2007 73 a 68 a 71 a 74 a 70 ab 67 b 73 a 69 b 
 2008 81 a 81 a 83 a 83 a 81 a 80 a 82 a 81 a 
 2009 76 a 74 a 76 a 81 a 74 b 72 b 76 a 74 a 
     1000-grain weight (g; TGW)      
 2007 20.03a 19.95a 20.16a 20.19a 19.85a 20.10a 20.28a 19.82b 
 2008 21.69a 21.76a 21.95a 21.61a 21.81a 21.98a 21.83a 21.78a 
 2009 21.19a 21.50a 21.51a 21.52a 21.27a 21.42a 21.35a 21.46a 
a CF = continuous flooding; bAWD-20 =  alternate wetting and drying with threshold at -20 kPa ; 
cAWD-70 = alternate wetting and 
drying with threshold at -70 kPa; d N0 = zero N control; eNfixed = fixed split N rate of 165 kg N ha-1 in DS and 120 kg N ha-1 in WS 
divided into 4 splits at fixed timing; 4NLCC = leaf color chart (LCC)-based N fertilizer management; 
gS0 = no straw addition; S1 = 
straw added at 4 t ha-1.
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Figure 4.4. Water input (A), irrigation water productivity (B), and total water productivity (C) for dry 
season rice crops.  CF = continuous flooding;  AWD-20 =  alternate wetting and drying with threshold at -20 
kPa ; AWD-70 = alternate wetting and drying with threshold at -70 kPa; N0 = no fertillizer; Nfixed = 165 kg 
ha-1 in DS and 120 kg ha-1 in WS; NLCC = LCC-based N management with 120 kg ha
-1 in DS (except for DS 
2007 at 135 kg ha-1) and 90 kg ha-1 in WS. Columns with the same letters within each year are not 
statistically different using LSD (0.05). 
 
Year 
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Nitrogen use efficiency 
 
 Figure 4.5A shows the total N uptake (TNU) of the different N treatments under CF and AWD-70 
during DS (left-side of the dotted line). Nfixed and NLCC significantly increased TNU relative to N0. Total N 
uptake for N0 ranged from 33-51 kg N ha
-1, with average at 40 kg N ha-1. Nfixed had highest average TNU at 
113 kg N ha-1, ranging from 99-131 kg N ha-1.   NLCC also had higher average TNU than N0 at 86 kg N ha
-1, 
ranging from 74-96 kg N ha-1.Values for each water management were also shown in the figure to 
demonstrate that the rice crop was responding similarly to the different N management regardless if it is 
grown in CF or AWD-70.  
 Figure 4.5B shows the partial factor productivity of applied N (PFPN) in the different N 
treatments under CF and AWD-70 during DS (left-side of the dotted line). Nitrogen fertilizer management 
significantly affected PFPN.  The PFPN for NLCC was consistently higher than Nfixed. Average PFPN for 
Nfixed was 39 kg grain kg N applied
-1, ranging from 33-43 kg grain kg N applied-1 while NLCC ranged from 
40-54 kg grain kg N applied-1, with average at 47 kg grain kg N applied-1. 
 Figure 4.5C shows the crop recovery efficiency of the applied N (REN) in the different N 
treatments under CF and AWD-70 during DS (left-side of the dotted line). N management affected REN in 
DS 2009 but not for the rest of the seasons. The REN for Nfixed was consistently higher than NLCC except in 
2007. Average REN was 0.44, ranging 0.39-0.53 for Nfixed while NLCC ranged from 0.26-0.47, with average 
at 0.37.  
 
Wet season rice 
 
Grain yield and yield components 
 Generally, similar trends were observed on grain yield in WS compared to DS. No 2- or 3-way 
interaction effect was observed among the experimental factors. Only N fertilizer management significantly 
increased grain yield in WS. Water and straw management had no effect on grain yield. 
 
Effect of water management 
 Figure 4.3B.1 shows that water management had no significant effect on grain yield in WS.  
Average grain yield for CF treatment ranged from 4-5.1 t ha-1 while AWD-20 and AWD-70 had similar range 
from 3.5-4.6 t ha-1. 
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Figure 4.5. N uptake (A), partial factor productivity (B), and recovery efficiency (C) at physiological 
maturity of the different N treatments in various water management approaches. CF = continuous flooding;  
AWD-20 =  alternate wetting and drying with threshold at -20 kPa ; AWD-70 = alternate wetting and drying 
with threshold at -70 kPa; N0 = no fertillizer; Nfixed = 165 kg ha
-1 in DS and 120 kg ha-1 in WS; NLCC = 120 
kg ha-1 in DS (except for DS 2007 at 135 kg ha-1) and 90 kg ha-1 in WS. Data were analyzed by season. 
Columns with the same letters within each year are not statistically different using LSD (0.05). 
 
kg N ha-1 
kg grain kg-1 N applied 
kg N uptake kg-1 N applied 
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Effect of N management 
Figure 4.3B.2 shows the significant effect of N management on grain yield in WS. Nfixed and NLCC 
significantly increased grain yield under both CF and AWD-70. Average grain yield for N0 ranged from 3.1-
3.9 t ha-1, which was significantly increased by Nfixed (ranged from 3.9-5.1) and NLCC (ranged from 4-5 t ha
-
1). Yield components analysis (Table 4.4) showed that N0 had significantly low number of panicles ( 
average at 240 panicles m-2) compared to Nfixed (289 panicles m
-2) and NLCC (292 panicles m
-2). The number 
of spikelet per panicle had the same trend where Nfixed and NLCC averaged 102 spikelets per panicle
-1 and 
103 spikelets per panicle-1, respectively. These were significantly higher than N0 with average at 90 
spikelets per panicle-1. The percentage of filled spikelets increased significantly from N0 to the fertilized 
treatments, Nfixed, and NLCC. Average PctFSp were at 79%, 75%, and 73% for N0, Nfixed, and NLCC, 
respectively. Thousand grain weight was not significantly affected by N. 
 
Effect of straw management 
 Figure 4.3B.3 shows that S management had no significant effect on grain yield in WS.  In 2007, 
average grain yield for S0 and S1 were at 3.7 t ha
-1. In 2008, S0 had an average grain yield of 4.6 t ha
-1 while 
S1 had 4.7t ha
-1. S0 and S1 had grain yields 4.5 t ha
-1  and 4.6 t ha-1 , respectively , in 2009. Yield 
components (Table 4.4) were not significantly affected except for PctFSp and TGW in WS 2007. S0 had 
higher percent filled spikelets (73% vs 69%) and 1000-grain weight (20.28 g vs 19.82 g) than S1. 
  
Water use and water productivity 
 Due to lower solar radiation and high rainfall in WS, water effects were more obvious during dry 
season. Water use and water productivity trends in the wet season (not shown) were similar to that 
observed in the dry season. As in DS, water management significantly affected the amount of irrigation 
water input and the N management significantly affected WPI and WPIR. The data gathered during DS was 
used in the discussion section. 
 
Nitrogen use efficiency 
 Figure 4.5A shows the TNU of the different N treatments in CF and AWD-70. Only N management 
significantly affected TNU in WS (right-side of the dotted line) TNU for N0 ranged from 39-57 kg N ha
-1 
with average at 51 kg N ha-1 in WS. Nfixed was highest with average at 99 kg N ha
-1, followed by NLCC at 76 
kg N ha-1.  TNU values for Nfixed ranged from 77-120 kg N ha
-1 while 65-91 kg N ha-1 for NLCC. 
 Figure 4.5B shows the PFPN of the different N treatments in CF and AWD-70. Observed PFPN 
trends in WS (right-side of the dotted line) were similar to DS. N management significantly affected PFPN 
but not W.  As in DS, the PFPN for NLCC was consistently higher than Nfixed. In WS, average PFPN for 
Nfixed was 40 kg grain kg N applied
-1, ranging from 32-50 kg grain kg N applied-1. It ranged from 43-62 kg 
grain kg N applied-1 for NLCC with average at 52 kg grain kg N applied
-1.   
 Figure 4.5C shows the REN of the different N treatments under CF and AWD-70. The REN trends 
in WS (right-side of the dotted line) were relative`ly similar to those in DS, except for WS 2009. Although 
REN was not significantly affected by W or N management, the REN for Nfixed was generally slightly 
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higher than NLCC except for 2007. In WS, average REN for Nfixed was 0.41, ranging from 0.20-0.53. REN 
for NLCC ranged from 0.29-0.40, with average at 0.34.  
 
Grain yield stability 
 To determine if continuous AWD cultivation over 6 crops tends to result to decline in grain yield 
relative to CF as control, the grain yield differences between CF and AWD (CF-AWD-20 and CF-AWD-70) 
treatments were calculated every season and means were plotted over years in Figure 4.7. The grain yield 
differences between CF and AWD-20 (hollow circles) or CF and AWD-70 (solid circles) were found to 
decrease over years. During DS (Figure 4.7A), grain yield difference between CF and AWD-20 ranged from 
947-1237 kg ha-1in 2007, 70-356 kg ha-1in 2008 and -49-135 kg ha-1in 2009. The grain yield difference 
between  CF and AWD-70 ranged from 1109-1384 kg ha
-1 in 2007, 231-374 kg ha-1 in 2008, and 127-175 kg 
ha-1 in 2009. During WS, (Figure 4.7B), grain yield difference between CF and AWD-20 ranged from 468-
517  kg ha-1 in 2007, 462-746 kg ha-1 in 2008 and -207 to -33 kg ha-1in 2009. The grain yield difference 
between CF and AWD-70 ranged from 211-683 kg ha
-1 in 2007, 238-803 kg ha-1 in 2008, and -78 to 209 kg 
ha-1 in 2009.  
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Figure 4.6. Grain yield differences between continuously flooded (CF) and alternate wetting and drying 
(AWD) treatments per crop during dry season (A) and wet season (B). Hollow circles are yield differences 
between CF and AWD-20 while solid circles are between CF and AWD-70. Linear trend lines were drawn to 
show decreasing difference between CF and AWD over years. Bars = SE. 
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4.4  Discussion 
 
Grain yield 
In this study, water management treatments significantly affected grain yield (Figure 4.3A.1) but 
only in DS 2007 which was the driest season (Table 4.1). Among the 6 crops, it was the only season where 
CF was significantly higher than both AWD-20 and AWD-70 (Figure 4.3A.1 and Figure 4.3B.1). This was 
attributed to more conducive weather conditions which physiologically favored the crop during DS 2007 as 
manifested by the significantly high number of panicles, number of spikelets panicle-1, and 1000-grain 
weight in CF (Table 4.4). Lowest SWP achieved for AWD-20 was 14 kPa during DS and 11 kPa in WS 
(Figure 4.2), making the AWD-20 treatment practically similar to “safe AWD” (re-irrigation threshold 
around 10 kPa). On the other hand, with lowest achieved SWP for AWD-70 at 33 kPa during DS and 18 kPa 
in WS, the AWD-70 treatment in this study may be considered slightly lower than AWD-20. Results suggest 
that during high yielding seasons when weather conditions are highly favorable to crop growth, AWD 
management using re-irrigation thresholds SWP > -10 kPa (as “safe AWD”) is better. However, AWD 
management using re-irrigation thresholds SWP < -20 kPa requires utmost caution to avoid yield penalties. 
For the rest of the 6 seasons, CF yields did not differ significantly from both AWD-20 and AWD-70 which 
was mainly attributed to the relatively high amounts of well distributed rainfall (Figure 4.1) resulting to 
relatively high SWP (Figure 4.2).  Due to shallow water table (average 0.4 m), it was also possible that the 
roots of the crop reached the deeper soil water during the dry cycles while applying AWD-20 and AWD-70 
irrigation regimes in the upper 15 cm layers of the soil. This was also reported in other AWD field studies 
(Belder et al., 2004; Yao and Conrad, 2012).  
The yield components causing the yield difference between CF and AWD treatments in this study 
was attributed to the decrease in the number of spikelets per panicle and 1000-grain weight (Table 4.4). 
Unfortunately, physiological basis of yield gap between water-stressed and flooded rice has not been 
studied extensively despite the need in identifying the critical physiological and morphological traits 
relevant to water stress response (Peng et al., 2007). Decrease in the number of spikelets per panicle is 
indicative of water stress occurring between panicle initiation and flowering while decrease in the 1000-
grain weight is linked with water stress after the flowering stage (Bouman and Tuong, 2001). AWD 
irrigation management require ponded water in the field during the first 21 days after transplanting (to 
allow recovery of the seedlings from transplanting shock and suppress weed growth) and at heading 
(ranging from 7 days before and 7 days after heading to ensure that there is no water stress at flowering). 
These suggest that the period between panicle initiation and flowering and the period during grain filling 
are also critical points to consider with AWD. Aside from yield components, further investigation of other 
traits such as impaired tillering, stunting (Yoshida, 1981),  reduced leaf expansion (Wopereis et al., 1996),  
leaf senescence, and changes in assimilate partitioning (Bouman and Tuong,  2001) may be needed to fully 
understand grain yield differences. 
Nitrogen significantly increased grain yield in all 6 seasons. As expected, yield in N0 was always 
significantly lower than the N-fertilized treatments. Yield in N0 averaged 3.65 t ha
-1 in DS and 3.1 t ha-1 in 
WS which indicates the relatively high indigenous N in the experiment site. Yield in N0 was 40% less than 
Nfixed and 36% less than NLCC in DS. In WS, N0 yield was 23% less than Nfixed and 21% less than NLCC.  The 
107 
 
significant difference was mainly caused by the consistently reduced number of panicles, spikelet per 
panicle, and 1000-grain weight in N0 treatments (Table 4.4, shaded columns under N management). N0 
treatments tend to compensate for these losses by filling as many spikelets per panicle as possible, thereby 
having higher percent filled spikelets than the N-fertilized treatments. Between the N-fertilized treatments, 
yield in Nfixed was significantly higher than in NLCC for 3 seasons, with similar trend each year. This was 
attributed to difference in the total N input between the 2 N management which led to reduced percent 
filled spikelets in NLCC. Although both Nfixed and NLCC received 30 kg N ha
-1 at transplanting as basal, Nfixed 
received more N fertilizer (165 kg ha-1 in DS and 120 kg ha-1 in WS) than NLCC (120 kg ha
-1 in DS - except 
for DS 2007 at 135 kg ha-1 - and 90 kg ha-1 in WS) which made Nfixed seemed to out-perform NLCC in this 
study. However, the objective of this study is to compare the performance of these 2 N management 
technologies under AWD relative to CF. Results show that both Nfixed and NLCC were as effective in 
increasing grain yields in AWD. Haefele et al. (2008; 2010) also had the same observation after using LCC 
on rice grown under water-stressed upland environment. Cabangon et al. (2011) also effectively used 
SPAD readings to manage N fertilizer under AWD and recommended that using LCC with AWD is worth 
investigation to bring the combined technologies (AWD and LCC) to farmer’s level. Considering that yield 
is still responding to the higher N input as in Nfixed treatments, the NLCC N input in this study seemed 
limiting. Studies on LCC and its optimization relative to the different factors affecting the critical leaf 
greenness continued since its prototype release in the 1980s (Balasubramanian et al., 1999; Singh et al., 
2002; Witt et al., 2005; Alam et al., 2005; Nachimuthu et al., 2007; Hach and Tan, 2007; Haefele et al., 
2010; Houshmandfar and Kimaro, 2011). Any factor that affects leaf color can affect the critical LCC panel 
to consider (Dobermann and Fairhurst, 2000). These factors include the rice cultivar used, the rice 
environment, crop management, and the presence of stress (Balasubramanian et al., 1999).  In the current 
study, the only difference between Nfixed and NLCC is the amount of N fertilizer applied. Since the N input in 
NLCC was based on critical value of 3 (Table 4.3), results suggest that a critical value higher than 3 is 
needed but this requires further study.  
Significant effect of straw incorporation was observed in 2 dry seasons resulted from slight but 
non-significant increases in the number of panicles, spikelets per panicle, and 1000-grain weight (Table 
4.4). Results suggest that relatively drier periods before transplanting DS 2007 and DS 2009 (Figure 4.1) 
favored faster decomposition of the straw applied 45-48 days before transplanting. Aerated soil conditions 
allow faster straw decomposition which, in turn, enhances earlier nutrient availability (Witt et al 2000). On 
a dry weight basis, 1 ton of rice straw can supply additional 5-8 kg N ha-1, 1.6-2.7 kg P2O5 ha
-1, 14-20 kg 
K2O ha
-1, 0.5-1.0 kg S ha-1, and 40-70 kg Si ha-1 to a rice crop (Dobermann and Fairhurst, 2002).  In 
flooded fields where at least two crops are planted in a year, incorporation of rice straw right after harvest 
of the preceding crop is recommended to minimize the effects of nutrient immobilization in the succeeding 
crop. The recommended minimum number of days between straw incorporation and transplanting ranged 
from 20 days for sandy, well-drained soils to 30-40 days in clay soils with low percolation (Witt et al., 
2000; Dobermann and Fairhurst, 2002; Takahashi et al., 2003; Yadvinder-Singh et al., 2004). Since the 
straw residue in this study was applied 45-48 days before transplanting, the partial straw decomposition 
through this window seemed to provide more benefits by preventing short-term detrimental effects of 
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biodegradation (i.e. organic acids and N immobilization) from affecting rice seedlings during the early part 
of the cropping season and made nutrients more available to the succeeding crop. 
 Further to this study, no yield decline was observed with AWD treatments over 6 cropping 
seasons (Figure 4.6). Since seasonal yield differences between CF and AWD were analyzed, the varying 
weather conditions among the seasons were considered. Results imply that AWD does not cause changes in 
the soil after 6 seasons which can cause yield decline like in the case of aerobic rice (George et al., 2002; 
Peng et al., 2006). Aerobic rice and AWD differ in the degree of soil dryness prior to irrigation. Soil water 
potential for “safe AWD” ranges from 0 to -10 kPa, while typical aerobic rice SWP ranges from -10 to -80 
kPa (Bouman et al., 2007b) with no ponded water in the field at any given time. This suggest that soil 
conditions similar to CF, as in AWD, is a better alternate irrigation strategy when water becomes limiting. 
Similar yields from CF and AWD in 5 out of 6 seasons (Figure 4.3A.1 and Figure 4.3B.1) also indicate that 
build up of nematodes and nutrient unavailability (found in aerobic rice) are not constraints in AWD. 
 
Water use and water productivity 
Irrigation water input varied widely due mainly to the prevailing weather (Figure 4.1 and Table 
4.1) during the season. Water use of a rice crop depends on several water outflows in the field: 1) 
transpiration, 2) evaporation, 3) percolation, 4) seepage, and run-off which were well described by Bouman 
et al. (2007). Transpiration of the crop is the only water outflow that directly links to grain yield and varies 
depending on the crop, temperature, solar radiation, wind speed, and humidity (Allen et al. 2009). AWD 
reduces water use by reducing percolation, seepage, and run-off outflows in the field by basically keeping 
the hydraulic head lower into soil subsurface within the root zone layer. This way, evaporation from the 
ponded water and soil surface are also minimized while the soil moisture is kept within the root proximity. 
In this study, AWD significantly reduced irrigation water input compared to CF by up to 36% using AWD-
20 and 44% using AWD-70. However, probably due to the high spatial variation in the field, only the water 
input reduction using AWD-70 was determined statistically significant in 2 out of 6 crops.  
Both irrigation water productivity (WPI) and total water productivity (WPIR) were significantly 
increased by N management. In all cropping seasons, WPI and WPIR between Nfixed and NLCC did not differ 
significantly but both were significantly higher than the N0 control. In this study, the differences in water 
input were less compared to the amount increase in grain yield caused by N management. Hence, increased 
WPI and WPIR in N fertilized treatments were attributed to relatively higher yield brought by N input rather 
than reduced water input. This agrees well with other AWD studies done in areas with shallow water tables 
(Tabbal et al. 2002, Belder et al 2004, Cabangon 2004, Cabangon 2011). 
 
Nitrogen use efficiency 
Total N uptake (TNU), partial factor productivity of applied N (PFPN), and recovery efficiency of 
the applied N (REN) were used to evaluate the N response of the crop grown under AWD and CF.  CF and 
AWD-70 treatments were selected for this purpose to ensure that extreme effects of water management were 
captured.  
Relative to N0, TNU was significantly increased by both Nfixed (by 64% in DS and 49% in WS) and 
NLCC (by 53% in DS and 33% in WS). N uptake is limited by the N demand of the plants, soil N supply and 
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timing of availability, and root N uptake ability (Dobermann et al 2004, Shimono et al 2012).  N demand of 
the plant and its ability to take up N is mainly dependent on the genotype and its physiological status during 
crop growth. Results suggest that the physiological status of the crop grown using CF and AWD-70 in areas 
with shallow water table (average 0.4 m) did not differ considerably to create significant change in taking 
up soil N. AWD studies (Tabbal et al. 2002, Belder et al 2004, Cabangon 2004, Cabangon 2011) done in 
areas with shallow water tables (< 0.7) also reported similar observations. Belder et al. (2004) also 
highlighted that AWD applied in areas with deeper water tables led to significant water deficits and 
reduction in grain yield. 
PFPN is the recommended nitrogen use efficiency (NUE) index for water management studies 
(Dobermann 2005). Since it does not discriminate between indigenous N and fertilizer N, it reflects the 
yield that a plant can produce using a kg of applied N fertilizer together with the indigenous N coming from 
the soil. This is also useful for farmers when adopting fertilizer recommendations. The more grains 
produced using the same amount of or less fertilizer, the more desirable the recommendation becomes. 
With best crop and nutrient management, PFPN is expected to be at least 50 kg grain kg
-1 N (Dobermann et 
al. 2004). In this study, no WxN interaction effect was observed on PFPN, but it was significantly affected 
by N management. NLCC surpassed PFPN of Nfixed by 19% in DS and 23% in WS. NLCC generally had 
significantly higher PFPN than Nfixed because of lower N fertilizer input in NLCC rather than higher grain 
yields with the same N input. Considering that Nfixed had significantly higher grain yield than NLCC (Figure 
4.3A.1 and Figure 4.3B.1), this indicates that grain yield was still responding to higher N input than NLCC 
and the N rates used for Nfixed is still below the N input ceiling for the crop. Since Nfixed received 165 kg N 
ha-1 while NLCC received only 120 kg N ha
-1, N may have been slightly limiting in NLCC using IRRI-LCC 
panel 3 as the threshold. Results also suggest that the IRRI-LCC threshold higher than 3 could be a better 
N-management approach for transplanted semi-dwarf indica rice grown under AWD, especially during 
high-yielding seasons. The development of bluish green-colored leaves observed in rice plants grown under 
extreme water stress (Haefele et al. 2010) was not observed in treatments grown under AWD; hence, 
lowering the LCC threshold level for AWD seemed unnecessary. 
REN not only quantifies the amount of N fertilizer taken up by the plants but also indicates the 
effectiveness of the N fertilizer applied. It depends on the match between plant N demand and the available 
N released from applied N, hence, is practically determined by almost all the factors that affect plant 
growth and the plant’s inherent characteristics. Since only one variety is used in this study, REN differences 
in this study mainly depended on the factors affecting plant growth. REN was not significantly affected by 
W (Figure 4.5). The main difference between CF and AWD treatments was the presence of ponded water in 
CF. Ponded water levels in CF plots are maintained at 5-7 cm and when the applied urea hydrolyzes into 
ammoniacal N (NH4
+, NH3), the pH in the floodwater increases. At elevated temperature during sunny 
days, applied N fertilizer is prone to volatilization ranging from 11-57% depending on the growth stage of 
the crop (Buresh et al. 2008). N losses in CF treatment most probably came from volatilization, especially 
during the time of fertilizer application, when fertilizers were applied into the ponded water. On the other 
hand, since the irrigation water immediately recedes in AWD-70 plots after fertilizer application, 
volatilization was less and the N fertilizer was more available to the roots below the soil surface. N did not 
affect REN significantly, but Nfixed generally had higher REN than NLCC (Figure 4.5). The difference mainly 
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came from the lower N-fertilizer rates in NLCC than in Nfixed. In addition to N loss via volatilization, AWD 
may also be prone to NO3
- leaching and denitrification. During dry periods, most N is in nitrate (NO3) 
form, which is mobile and vulnerable to leaching. Upon rainfall or the next irrigation, part of this pool is 
leached through the soil profile while portions are prone to denitrification losses. With comparable REN 
coming from CF and AWD-70, it seemed that both water management approaches gave similar net 
vulnerability to N loss through different processes.  
With the inconsistent trends observed with fertilizer N recovery in the crop, it may be worth 
investigating how AWD affects the N cycle in the paddy.  Biological nitrogen fixation (BNF) in the soil 
can supply the crop with enough N to obtain 1-2 kg ha-1 yield without chemical fertilizer input (De Datta, 
1981). Due to the different soil conditions under continuous flooding and AWD irrigation, BNF rates in 
these treatments may have also been affected. Possible BNF association with rice has already been 
explored (Reddy et al., 1997). While the study did not find significant potential in developing specialized 
‘nodule-like’ organs in the rice root where BNF may occur, free living N-fixing microbes can invade the 
plant tissues and provide some possibility of association. Further, the study provided a very promising 
method in investigating the rice root and stem structures. The method can possibly ilucidate how the root 
and stem structure of AWD-grown rice differs from a rice plant grown in continuously flooded field. There 
is a possibility that the differences in the plant N uptake and fertilizer N recovery lies on the absorption 
capacity of the roots and the assimilate accumulation in the rice stem which may be worth further study. 
 
4.5  Conclusion 
 
Continuous AWD cultivation for six seasons did not show yield decline and maintained grain 
yields comparable with those of CF. Results suggest that SWP > -20 kPa (0 to -14 kPa) as threshold is best 
when implementing AWD during high yielding seasons when there is high solar radiation, long sunshine 
hours, and low cloud cover. Alternate wetting and drying re-irrigation thresholds SWP < -20 kPa (-18 to -
33 kPa) may lead to significant yield penalty and is therefore not recommended, particularly with seasons 
of low rainfall and high evaporation. Efficient use of irrigation water and rainfall can be maximized by 
implementing AWD, which significantly reduced irrigation water input by 23-32% using AWD-20 and 30-
45% using AWD-70. Grain yields in both CF and AWD were significantly increased by N applied through 
recommended fixed splits (Nfixed) or LCC-based (NLCC). N management increased grain yields by 36-40% 
in DS and 21-23% in WS. N management also increased water productivities by 35-40% regardless if it 
was with Nfixed or NLCC. Both N uptake and partial factor productivity of N fertilizer were significantly 
increased by N in both CF and AWD.  Recovery efficiency of N fertilizer did not differ significantly 
between Nfixed and NLCC or between CF and AWD. Further, CF and AWD responded similarly with straw 
management with respect to grain yield, implying that the conventional straw management technologies 
available to CF are applicable to AWD without prior modification. These findings suggested that “safe 
AWD” (Bouman and Tuong 2001, Belder et al. 2004, Cabangon et al. 2004, Cabangon et al. 2011) is a 
robust technology which offers CF-comparable  grain yields, demonstrates no signs of yield decline over 6 
continuous crops, and responds similarly to crop management practices as CF.  
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CHAPTER V 
Integration, Synthesis, and Recommendation 
 
 
 The summary of the dissertation is provided in Figure 5.1. As highlighted in the figure, the method 
for organic acid analysis (Chapter II – Paper 1) has been instrumental in determining the production rate 
and amount of early products of rice straw decomposition. In combination with carbon dioxide and 
methane measurements, it was determined that rice straw’s physical property (Chapter II, Paper 3) to break 
into finer size has greater impact in hastening the decomposition process than its biochemical 
characteristics (Chapter II, Paper 2). Faster decomposition and alleviation of the negative effects of straw 
incorporation was further investigated using different soil moisture conditions by controlling the water 
management (Chapter III – Paper IV). Alternate wetting and drying (AWD) irrigation was found most 
effective in reducing the potential net greenhouse gas effects. When AWD was tested in the field (Chapter 
IV – Paper 5), it was established that it does not cause any yield decline over 6 cropping seasons and is 
compatible with the currently available N-, straw-, and tillage management approaches for continuously 
flooded rice cultivation. 
 
 
 
 
Figure 5.1. Dissertation summary highlighting the significant findings of the dissertation.  
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 To identify opportunities for reduction of negative effects of rice straw decomposition, Chapter II 
provided an idea on the rate at which rice straw decomposition occurs, when decomposition intermediates 
like organic acids are highest, and when the levels of these intermediates recede. The rate and timing of 
decomposition process provided information on the critical timing of rice straw incorporation to favor 
beneficial effects and minimize greenhouse gas production at the early stage of the crop. It further offers an 
idea on what possible substrates are available in the soil relative to the timing of straw incorporation which 
can support plant-microbe research in the paddy.  
 The study 2.1 in Chapter II established a soil solution sampling method for organic acids in rice 
paddies. Tension soil solution sampling methods (PT and CFG) resulted in higher OA concentrations than 
the zero-tension method (ZTD). After testing for possible artifacts, 1) pH difference; 2) presence of suction 
during sampling; 3) presence of soil and sand particulates; 4) presence of high concentrations of cations i.e. 
Na+; 5) presence of high concentrations of iron; or 6) presence of high concentrations of more negatively 
charged species i.e. oxalic acid, it was concluded that the observed differences between sampling methods 
indicated that the different methods were actually extracting different fractions of soil solution: macropore 
fraction (using zero tension) vs. micropore fraction (using PT and CFG). Since the tension methods result 
in higher OA concentrations that are easier to measure, these methods are recommended for experiments 
where the main objective is comparison of the effect of various treatments on OA concentration in the soil 
solution.  No significant difference in OA recovery was found between the two tension methods. However, 
centrifugation is not unsuitable for repeated measurements in greenhouse experiments. Use of porous tubes 
has the advantage of nondestructive and repeatable sampling from the same location in the field or 
greenhouse, but the disadvantage of added cost for the samplers. Regardless of the sampling method 
chosen, results demonstrated the importance of using CEMR strips in the sample collection containers to 
absorb interfering cations as well as the importance of immediate analysis (within 24 h after sampling) and 
storage of the samples at 4oC between sampling and analysis.  
The established organic acid sampling method using porous tubing with suction pressure was then 
used together with carbon dioxide and methane gas production to determine the rate and timing of 
decomposition for 2 biochemically different types of rice straws in the study 2.2 in Chapter II. It 
demonstrated that brittle mutant rice straw decomposed more rapidly than its non-brittle counterpart during 
the first 3 weeks following incorporation into flooded soil, but this rapid anaerobic decomposition also 
intensified environmentally harmful methane and potentially phytotoxic organic acid production. These 
negative effects of rapid decomposition could be mitigated by managing irrigation to increase soil aeration 
after straw incorporation, thereby increasing soil redox potential above the level at which methane and the 
intermediate organic acids are formed (Bronson et al., 1997; Cai et al., 2003). One important potential 
advantage to rapid decomposition of incorporated residues during short fallow periods is the release of 
residue N into the soil. With more rapid decomposition, the time of N immobilization and mineralization 
should be shortened, making residue N more available to the new crop at an earlier time. The results of this 
study did not show differences in N mineralization pattern between brittle and non-brittle straw, 
presumably due in part to the short time frame of the study. It further underscored the need to determine the 
effects of irrigation management on N loss during the nitrification-denitrification cycles occurring when the 
soil is alternately wet and dried. The results suggest that fertilizer and water management could be 
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optimized to maximize positive and minimize detrimental effects of rapid decomposition, resulting in more 
rapid turnaround time between crops. 
These findings were further confirmed in the study 2.3 in Chapter II, which demonstrated that the 
physical characteristics of rice straw have stronger influence on the decomposition process than their 
biochemical characteristics. The study showed that brittle straw broke into finer pieces than non-brittle 
straw during threshing, and that the resulting finer pieces decomposed faster than the bigger pieces. Unlike 
the earlier study (Johnson et al., 2006), this study indicated that the finer breakage of brittle straw during 
field operations enhanced and even surpassed the effect of the straw biochemical differences. The tendency 
to break into smaller pieces may also be an advantageous trait for some steps in biofuel production 
processes which all require pre-chopping of raw materials. It was concluded that under field conditions, 
brittle straw would decompose faster than non-brittle due mainly to breakage into finer sizes during 
threshing. This could be an advantage in no-till rice systems where seeding is mechanized and crop 
residues can cause frequent impedance on machines. In transplanted rice systems, it could allow earlier 
transplanting of the subsequent crop if straw is incorporated prior to transplanting. 
 It was evident in the previous studies that the decomposition products and the rate at which it 
occurs can be hastened by water management. The study in Chapter III carefully managed water to 
simultaneously keep both 2- and 7.5-cm soil depth redox potentials within the healthy redox range (-150 
mV to +180 mV) for seven weeks under greenhouse conditions in pots without plants. CH4 was still 
emitted with minimal response to the irrigation cycles, especially when straw had been incorporated. When 
the gas emission data is plotted against redox potential, the first significant N2O production came at about 
+140 mV at 10 days after incubation data. However, CH4 was emitted well above its supposed threshold 
when compared with the 7.5-cm redox potential, which is most likely due to production of CH4 at depths 
lower than 7.5 cm where the redox potential might have been <-150 mV. Apparently, simultaneous 
reduction of both N2O and CH4 by maintaining the healthy redox range from 0-7.5 cm soil depth is not 
achievable. Soil depths below 7.5 cm easily approach redox <-150 mV, especially when rice straw was 
incorporated deeper than 0-7.5 cm. This implies frequent trade-off between the two greenhouse gases under 
field conditions, and that it will be exacerbated in the presence of easily-decomposable C sources. Many 
different field-scale studies have reported this trade-off during cropping seasons and fallow periods though 
most have not measured redox potential. “Healthy redox” was intended to be a concept to guide water 
management rather than a field water management protocol.  The “safe AWD” water management 
technique was compared with healthy redox concept to determine how close it came to the goals of 
maintaining a healthy redox potential and minimizing both CH4 and N2O. It is known that mid-season 
drainage periods decrease CH4 emission and increase N2O emission, and AWD may have a similar effect 
on gas emission by keeping the soil close to the healthy redox potential for an extended period of time. As 
expected from its periodically oxidized shallow redox potentials, AWD had significantly higher N2O 
emission than the CF treatment, which produced no measurable N2O. There was no significant difference in 
N2O emission if straw was incorporated or not with AWD water management which implies that rice 
paddies managed by AWD will produce more N2O than continuously flooded ones, regardless of straw 
incorporation. At field scale, N2O emission would also be expected to increase just after N fertilization of 
non-flooded soil, though this might be mitigated by timing N application to match plant uptake. In terms of 
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CH4 emission, the AWD treatment did significantly better than the CF treatment, especially when straw 
was incorporated, indicating that the long drying cycles allowed the lower-depth redox potential to rise 
enough to decrease the amount of CH4 emitted. Significant decreases in CH4 emission from rice paddies 
have been observed during mid-season drainage periods which imply that AWD would usually produce 
less methane than continuous flooding. Straw incorporation had a much larger effect on CH4 emission than 
the water treatment differences. Incorporating straw into a rice paddy that is flooded (or saturated up to a 
depth that includes at least part of the straw-affected soil) is therefore expected to dramatically increase the 
amount of CH4 emitted from the soil during the growing season. This large straw effect has been observed 
for soils under continuous flooding and during the flooded period before a mid-season drainage. 
Considering the differences that would occur in the field if fertilized plants were present, or in soils with 
different textures, calculated global warming potentials of these water management treatments from a pot 
experiment must be interpreted cautiously. Further research is required at field-scale if it would be better to 
use AWD than CF management when straw is to be incorporated at shallow depth with minimal moisture.  
 The study in Chapter IV compared the effect of CF and AWD water management on rice grain 
yield considering different straw-, N fertilizer-, and tillage management approaches available at the field 
level. Three water management approaches (W) were evaluated: 1) CF, 2) AWD-20 or applying irrigation 
when -20 kPa soil water potential (SWP) is reached at 15-cm soil depth, and 3) AWD-70 or applying 
irrigation when -70 kPa SWP is reached at 15-cm soil depth. For each water management, six nitrogen (N) 
by straw (S) management (NxS) treatments were implemented. Grain yield, yield components, plant N 
uptake, and water input were measured and compared between CF and AWD treatments continuously for 
six seasons. No decline in yield was observed with continuous AWD cultivation. No significant two- or 
three-way interaction effect was observed on grain yield. Main factors W, N, and S were found to 
significantly affect grain yield. The yield difference between CF and AWD treatments ranged from 9.2% to 
10.3% during the dry season and from 8% to 9% in the wet season. Nitrogen management significantly 
increased yields in all treatments regardless of W and S. In three out of six crops, grain yields obtained 
using fixed N splits (Nfixed) gave significantly higher yields than LCC-based N (NLCC) management due to 
limited N applied in NLCC using IRRI-LCC critical value of 3. Straw incorporation significantly increased 
yield by 3% during DS but not in WS. Water management significantly reduced water input by 6% to 40% 
when using AWD, regardless of N and S. Water productivity and N uptake were significantly increased by 
N management regardless of W. It was concluded that AWD with SWP > -20 kPa (0 to -14 kPa) as 
threshold for re-irrigation is a robust technology that can 1) achieve CF-comparable grain yield with no 
observed decline over 6-season of continuous AWD cultivation, and 2) increase water productivity with 
either Nfixed or NLCC, and 3) respond similarly to N fertilizer and straw management as CF, implying that 
currently available crop management practices for CF are also applicable when using AWD. 
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Implications on productivity of tropical rice systems and the environment 
 
 Tropical rice systems are rice-growing regions lying between the latitude lines of the Tropic of 
Cancer (23°27ʹ N) and the Tropic of Capricorn (23°27ʹ S) including the equator, hence, encompasses parts 
of Asia, Africa, Australia, North America, and South America. Due to consistently more exposure to the 
sun, the climate is typically warm all year (average 25-28 oC or 77 - 82 oF) and has only 2 seasons: the wet 
and dry seasons. More than 89% of the worldwide rice production systems are in Asia, where a majority 
are continuously irrigated (WRS, 2008) and consumes 24-30% of global freshwater resources (Bouman et 
al., 2007). Increasing rice production by 25% from 2000 to 2020 to keep pace with the population growth 
also implies increased amounts rice straw residues to manage at the field level. Rice straw contains about 
0.6% N, 0.1% each of P and S, 1.5% K, 5% Si, and 40% C (Ponnamperuma, 1984).  Dobermann and 
Fairhurst (2002) estimated that about 40% of the nitrogen (N), 30-35% of the phosphorus (P), 80-85% of 
the potassium (K), and 40-50%  of the sulfur (S) taken up by rice remains in vegetative plant parts at crop 
maturity. The large amount of residues generated by rice production offers a good source of plant nutrients 
to most rice farmers. However, these residues may be disposed in several ways depending on the needs and 
resources of the farmers. Reuse of rice straw includes use as fuel, animal feed or bedding, compost, 
mushroom substrate, fuel gas source, raw material for handicrafts and cushion for market products. 
Recycling approaches, on the other hand, could be done through mulching, incorporation into the soil or 
simply putting spent straw materials into the field. These options contribute to soil fertility and carbon-
nitrogen build up in the long term. The most cost-effective option for straw disposal may be burning. This 
method also helps reduce pest and disease occurrence in some situations but it also contributes to 
environmental pollution. Streets et al. (2003) estimated the annual contribution of open burning in Asia at 
0.37 Tg of SO2, 2.8 Tg of NOx, 1100 Tg of CO2, 67 Tg of CO and 3.1 Tg of methane (CH4). The annual 
contribution from crop residues alone is 0.10 Tg of SO2, 0.96 Tg of NOx, 379 Tg of CO2, 23 Tg of CO and 
0.68 Tg of CH4. This translates to 34.45% SO2, 34.33% NOx, 21.94% CO2, 34.29% CO, and 27.03% CH4 
of total open burning is coming from crop residues. Release of these greenhouse gases (GHG), together 
with particulates, contributes directly and indirectly to global warming and health concern (Gadde et al., 
2009).  Considering this, there is a renewed interest in straw incorporation into rice paddies, particularly 
with the climate changes and decrease irrigation water availability. However, carbon to nitrogen (C:N) ratio 
is a known limiting factor in residue decomposition when rice straw is incorporated. High C:N ratios 
indicate limitation in N and decomposition may take more time to complete while low C:N ratio may have 
enough N to complete decomposition in a shorter time. Rice straw has a relatively high C:N ratio ranging 
from 40-90 (DeveÃvre and HorwaÂth, 2000) and  decomposes at slow rates with accompanying release of 
potentially detrimental intermediate products like organic acids. The presence of high organic substrates 
immobilizes N at early stages of decomposition which directly affects nutrient availability in the soil.  With 
average 40% of biodegradable C, straw is a substrate for the growth of soil microorganisms which drives 
soil reduction and associated electrochemical changes (Yoshida, 1978).  The changes consequently 
determine the availability of most nutrients in rice paddies. There are a lot of studies conducted on the 
decomposition of rice straw the paddies (Acharya, 1935; Gotoh and Onikura, 1971; Rao and Mikkelsen, 
1977a/b; Watanabe, 1978; Cannell and Lynch, 1984; Tsutsuki, 1984; Lawongsa et al., 1987) and its 
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implication on the rice crop (Alberto et al., 2000; Dobemann and Fairhurst; 2002, Takahashi, 2003; 
Yadvinder-Singh et al., 2005) but investigation of the largely unexplained benefits that arise from crop 
residue recycling, such as microbiological, biological N2 fixation, pest suppression, soil physical 
improvement were still identified as needs in this area (Yadvinder-Singh et al., 2005). Two of the more 
common factors that affect these processes are water and nitrogen fertilizer input because both determine 
the resulting products of decomposition and nutrient immobilization when straw is incorporated.  
On the field level, Chapter II mainly implied that the rice crop is not significantly affected by the 
negative effects of rice straw incorporation (i.e. organic acids and nutrient immobilization) when the 
residue is incorporated >35-40 days before transplanting (crop establishment) at shallow depths of 5-10 cm 
at the soil surface. Although the biochemical characteristics of the rice straw significantly affects the 
decomposition process, this effect is minimal compared to the effect of the rice straw’s physical 
characteristics. The study showed that as long as the incorporated rice straw sizes are relatively small 
(machine threshed), its decomposition rates were enhanced and greenhouse gas production were at minimal 
during the cropping season as compared to bigger-sized straw. Further, Chapter III demonstrated that even 
if the soil redox potential was maintained within the ‘healthy redox’ range from -150 to +180 mV at 0-7.5 
cm soil depth, the methane still forms at deeper depths. AWD offered a good approach in managing water 
when straw is incorporated because it allows soil water to drain until 15 cm soil depth, thereby, producing 
less methane. When compared to CF in terms of global warming potential (GWP20), CF still had the highest 
GWP20. AWD irrigation approach offered a robust approach in decreasing water input and GWP in rice 
production. Findings further confirms that shallow straw incorporation is better in terms of keeping 
greenhouse gas emissions low, and that AWD can offer an environmentally sound water management for 
rice cultivation. This was confirmed in Chapter IV, where the effect of AWD was found to maintain CF-
comparable grain yield and respond similarly to straw, N-fertilizer, and tillage management options as CF, 
implying that the tested management approaches can be used without prior modification whenever AWD 
irrigation is applied. This chapter also implies that in any irrigated rice system, AWD is readily adoptable 
because there is zero to minimal change compared to CF when the crop is grown under soil water potentials 
< -18 kPa. 
On the tropical system level, coping with water scarcity in tropical rice systems does not only include 
conserving water but also the wholistic management of the rice field. Increasing rice yields will result to 
increased residues to manage, which in turn, necessitates appropriate N management. Using AWD in 
combination with effective N fertilizer and rice residue management could potentially impact on the 
productivity 116 Mha rice fields within tropical areas. With 75% of the global rice coming from tropics, 
this will translate to around 450 Mt of rice produce. Effective rice residue management could significantly 
contribute to nutrient recycling. Table 5.1 shows the approximate nutrient content of rice straw and the 
possible amount of residue that will be generated in producing rice in the tropics assuming a grain-to-straw 
ratio of 1:1. With rice straw incorporation, significant amounts of N, P, K, S, Si, and C will be returned to 
the soil for sustained productivity and nutrient recycling. The combination of AWD x N x straw 
management could also contribute in the reduction of global warming potential (GWP) coming from rice 
cultivation.  Based on the results of this study, the GWP of rice cultivation under continuous flooding could 
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be reduced by 35% when AWD irrigation is used (Table 5.2) which mainly comes from significantly 
decreased CH4 production and minimal N2O emission. 
 
Table 5.1. Approximate nutrient content of rice straw available for nutrient recycling. 
Nutrient *% straw **Straw (Mt) Returned (Mt) 
N 0.6 450 2.7 
P 0.1 450 0.45 
K 1.5 450 6.75 
S 0.1 450 0.45 
Si 5 450 22.5 
C 40 450 180 
*Ponnamperuma, 1984; **Assuming grain-to-straw-ratio of 1 at rice production of 450 Mt  
from tropical areas.  
 
 
Table 5.2. Estimated global warming potential of alternate-wetting-and-drying irrigation (AWD) and 
continuous flooding (CF). 
Water Mgt Residue Mgt N2O (mg/kg) CH4 (mg/kg) *GWP20 
CF +straw 0.09 44 2797 
AWD +straw 1.7 21 1791 
  % reduction on GWP 35.98% 
*At GWP20: (N2O x 275) + (CH4 x 62)        
 
 The same AWD x N x straw management could also impact on the conservation of water 
resources to alleviate effects of water scarcity. Based on this study, AWD can save an average of 25% 
irrigation water in clayey soils (IRRI experimental station). If rice uses 24-34% of the global freshwater 
supply and AWD could be implemented in tropical clay soils, it could reduce water withdrawals and 
conserve freshwater resources for future use. 
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